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Abstract
Karyotype, chromosome number and composition, is a basic characteristic of species and its changes
are frequently associated with speciation. Karyotype conversion, from mostly telocentric (centromere
terminal) to mostly metacentric (centromere internal), typically reflects fixation of Robertsonian (Rb)
fusions, a common chromosomal rearrangement that joins two telocentric chromosomes at their
centromeres to create one metacentric. Fixation of Rb fusions can be explained by meiotic drive: biased
chromosome segregation during female meiosis. However, there is no mechanistic explanation of why
fusions preferentially segregate to the egg in some populations, leading to fixation and karyotype change,
while other populations preferentially eliminate the fusions and maintain a telocentric karyotype. Using
laboratory models and wild mice, we show that differences in centromere strength predict the direction of
drive. Stronger centromeres, with higher kinetochore protein levels and altered interactions with spindle
microtubules, are preferentially retained in the egg. Rb fusions preferentially segregate to the polar body
in laboratory mouse strains when the fusion centromeres are weaker than those of telocentrics.
Conversely, fusion centromeres are stronger relative to telocentrics in natural house mouse populations
that have changed karyotype by accumulating metacentric fusions.
Preferential chromosome segregation is predicted to depend on spindle asymmetry. We show that
meiosis I (MI) spindles are asymmetric, with more stable microtubules (MTs) oriented towards the cortex.
Based on our observations we propose a model in which a signal from the cortex induces MT asymmetry.
We exploit Rb fusions to study mechanisms of meiotic chromosome segregation when erroneous
kinetochore-MT attachments are recognized and destabilized. Improper attachments typically lack
tension between kinetochores and are positioned off-center on the spindle. Low tension is a widely
accepted mechanism for recognizing errors, but whether chromosome position regulates MT
attachments is unknown. We show that proximity to spindle poles destabilizes kinetochore-MTs, and that
stable attachments are restored by inhibiting Aurora A kinase at spindle poles. During the correction of
attachment errors, kinetochore MTs detach near spindle poles to allow formation of correct attachments.
We propose that chromosome position on the spindle provides spatial cues for the fidelity of meiotic cell
division.
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ABSTRACT

CELL BIOLOGY OF CHEATING - MECHANISMS OF CHROMOSOME
SEGREGATION DURING FEMALE MEIOSIS

Lukas Chmatal

Michael A. Lampson, Ph.D.

Karyotype, chromosome number and composition, is a basic characteristic of species and
its changes are frequently associated with speciation. Karyotype conversion, from mostly
telocentric (centromere terminal) to mostly metacentric (centromere internal), typically
reflects fixation of Robertsonian (Rb) fusions, a common chromosomal rearrangement
that joins two telocentric chromosomes at their centromeres to create one metacentric.
Fixation of Rb fusions can be explained by meiotic drive: biased chromosome
segregation during female meiosis. However, there is no mechanistic explanation of why
fusions preferentially segregate to the egg in some populations, leading to fixation and
karyotype change, while other populations preferentially eliminate the fusions and
maintain a telocentric karyotype. Using laboratory models and wild mice, we show that
differences in centromere strength predict the direction of drive. Stronger centromeres,
with higher kinetochore protein levels and altered interactions with spindle microtubules,
are preferentially retained in the egg. Rb fusions preferentially segregate to the polar
body in laboratory mouse strains when the fusion centromeres are weaker than those of
telocentrics. Conversely, fusion centromeres are stronger relative to telocentrics in natural
v

house mouse populations that have changed karyotype by accumulating metacentric
fusions.
Preferential chromosome segregation is predicted to depend on spindle asymmetry. We
show that meiosis I (MI) spindles are asymmetric, with more stable microtubules (MTs)
oriented towards the cortex. Based on our observations we propose a model in which a
signal from the cortex induces MT asymmetry.
We exploit Rb fusions to study mechanisms of meiotic chromosome segregation when
erroneous kinetochore-MT attachments are recognized and destabilized. Improper
attachments typically lack tension between kinetochores and are positioned off-center on
the spindle. Low tension is a widely accepted mechanism for recognizing errors, but
whether chromosome position regulates MT attachments is unknown. We show that
proximity to spindle poles destabilizes kinetochore-MTs, and that stable attachments are
restored by inhibiting Aurora A kinase at spindle poles. During the correction of
attachment errors, kinetochore MTs detach near spindle poles to allow formation of
correct attachments. We propose that chromosome position on the spindle provides
spatial cues for the fidelity of meiotic cell division.
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CHAPTER 1

Introduction: Meiotic drive phenomenon – historical overview
Chapter 1 and 5 are part of a manuscript in preparation for an invited review (Chmátal et
al., 2015, JCB)
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SUMMARY

Mendel’s First Law of Genetics states that a pair of alleles or chromosomes segregates
randomly during meiosis so that one copy of each is represented equally in gametes.
Whereas male meiosis produces four equal sperms, in female meiosis only one cell, the
egg, survives, and the other three (polar bodies) degenerate. Meiotic drive is a process in
which a selfish DNA element exploits female meiotic asymmetry and segregates
preferentially to the egg in violation of Mendel’s First Law, thereby increasing its
transmission to the offspring and frequency in a population. Although meiotic drive has
profound evolutionary consequences across many species, little is known about the
underlying cell biological principles of the phenomenon. This chapter provides an
overview of meiotic drive systems with an emphasis on cellular mechanisms.
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INTRODUCTION

Asymmetrical meiotic division creates an opportunity for cheating when selfish elements
increase their likelihood of transmission to the surviving gamete. In cases where
mechanisms of such preferential segregation are understood, they are mediated by
centromeres or centromere-like sequences that interact with microtubules (MTs). The
first example of preferential transmission of centromere-like sequences (also called
neocentromeres) was observed by Marcus M. Rhoades studying meiotic chromosome
segregation in maize (Rhoades, 1942). Sandler and Novitski later suggested the term
“meiotic drive” to emphasize the key role of asymmetrical female meiosis (Sandler and
Novitski, 1957). Over time, the meaning of “meiotic drive” has been extended to include
any transmission ratio distortion (TRD) that is not strictly a consequence of
asymmetrical meiosis (meiotic drive sensu lato, Figure 1), but could be a result of postmeiotic dysfunction (e.g. gamete competition, post-fertilization selection) (Lyttle, 1991;
Pardo-Manuel de Villena and Sapienza, 2001a). An example of biased allele
representation in gametes due to post-meiotic dysfunction was first observed in
Drosophila and was named segregation distortion (SD) or TDR (Sandler et al., 1959).
We use the term meiotic drive in its originally defined meaning (meiotic drive sensu
stricto, Figure 1).

3

Abnormal chromosome 10 in maize

The first experimental evidence of meiotic drive came from the observation of
abnormal chromosomes in maize (Zea mays) (Rhoades, 1942). In contrast to standard
maize chromosomes, chromosome 10 is represented in the population by two variants;
normal chromosome 10 (N10) and its abnormal form (Ab10). In the seminal study of
meiotic drive, Rhoades measured Ab10 segregation by following a knob-linked genetic
marker (R) coding a dark anthocyanin pigment in maize seeds. By simply counting the
blacks seeds corresponding to Ab10 chromosomes and colorless seeds corresponding to
N10 chromosomes, he noticed that surprisingly 70% of all seeds from Ab10 x N10
progeny were black, in oppose to expected 50%, if segregation was random (Rhoades,
1942). Rhoades came to the simple but unexpected conclusion that the Ab10
chromosome preferentially segregates during female meiosis.
Ab10 contains an extra DNA segment that has distinct regions of euchromatin, an
inverted portion of N10, and a repetitive DNA sequence (knob). Ab10 knobs act as
neocentromeres in that they bind MTs, although they do not assemble typical
kinetochores as shown by the absence of the major structural component CENP-C (Dawe
et al., 1999; Yu and Dawe, 2000). Because of the knobs, Ab10 moves faster to the
spindle poles in anaphase, compared to N10. As a result, Ab10 is positioned closer to the
cell membrane in meiosis II (MII), which predetermines its segregation into the apical
pole cell that forms a viable gamete, whereas the other cells degenerate (Figure 2)
4

(Rhoades and Vilkomerson, 1942; Peacock et al., 1981; Dawe and Cande, 1996). It was
hypothesized that a gene encoding a minus-end associated kinesin or dynein that binds
the knob would promote faster movement leading to preferential transmission (Yu et al.,
1997). Using transposon mutagenesis to isolate maize mutants with reduced meiotic drive
(Dawe and Cande, 1996), a mutation Smd1 (suppressor of meiotic drive 1 locus) was
identified in a gene that promotes Ab10 knob activity in unperturbed conditions and
leads to its preferential transmission. How SMD1 protein promotes preferential
chromosome segregation, however, is unknown.
Although Ab10 chromosome have a preferential transmission advantage, the
overall frequency in natural populations in surprisingly low (~ 14%). Further studies
(Buckler et al., 1999) showed that a complete sweep of Ab10 through the population is
prevented because of reduced pollen fitness (Rhoades, 1942), probably due to late
replication of the knob sequence that extends the cell cycle and leads to mitotic
abnormalities in microsporogenesis (Fluminhan and Kameya, 1997).
All the experimental data collected over the last sixty years from Ab10 system
support the original model of meiotic drive in maize proposed by Rhoades (Figure 2).
The model suggests that after recombination between the Ab10 and N10 chromosomes,
Ab10 knob sequence results in a shifted chromosome position towards meiotic spindle
poles, predestining the Ab10 chromosome to a favorable cell position that will later
become the megaspore. Although meiotic drive for chromosome segregation of Ab10 in
maize was first reported more than seven decades ago, we still do not fully understand the
underlying molecular mechanisms. Many outstanding questions remain such as: i) what is
5

the function of the Smd1coded protein?, iii) are there any minus-end kinesins or dyneins
interacting with the knob sequence?, iii) why is the knob active only in meiosis and not in
mitosis? Another challenge is to extend the conclusions from cytological experiments
performed in male gametes to biased segregation in female germline.
B chromosomes

B chromosomes, detected in numerous plants, fungi and animals (Burt and
Trivers, 1998; Jones, 1995), represent dispensable DNA elements in addition to the
standard chromosomes (A chromosomes). Although B chromosomes evolved from
normal chromosomes, they act as independent parasitical units, increasing their frequency
in the population. Their mostly neutral or slightly deleterious effect prevents them from
complete fixation within the population (Ӧstergren, 1945). B chromosomes are highly
heterochromatic and mostly genetically inactive, which makes them easily detectable by
microscopy (Wilson, 1906, 1907).
B chromosome drive refers to preferential transmission. It can occur as either a
pre-meiotic, meiotic or post-meiotic process and is mediated by various mechanisms in
males and females (Banaei-Moghaddam et al., 2012; Jones, 1991; Hewitt, 1976). In its
complexity, it is an example of segregation distortion (SD, Figure 1) rather than meiotic
drive sensu stricto. What follows are specific examples of B chromosomes exhibiting
meiotic drive in female meiosis in grasshopper (Myrmeleotettix maculates) and in
microsporogenesis in rye (Secale cereal) (Figure 3).
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Generally, preferential transmission of single univalent B chromosomes in many
species is between 70 - 90%. However, B chromosome representation in gametes is
almost random when several B chromosome univalents are present in the same cell,
suggesting that homologous pairing of B univalents might reduce their preferential
transmission (Bougourd and Plowman, 1996). Specifically, grasshopper B chromosomes
are preferentially transmitted into the egg during female meiosis. Such biased
transmission is mediated by an asymmetrical meiotic spindle with MTs on the eggs side
approximately three times longer than on the polar body side. Since B univalent
positioning on such meiotic spindle is random, the chromosome more likely attaches to
the larger, egg side of the spindle (Figure 3 A) (Jones, 1991; Hewitt, 1976). It is not
known if possible differences in MT dynamics on the two sides of the spindle could also
contribute to the transmission bias.
Another example of B chromosome accumulation is microsporogenesis in rye
(Secale cereale) (Banaei-Moghaddam et al., 2012). In this case drive relies on two
features: a nondisjunction control region (NCR) and asymmetric chromosome
segregation (Figure 3). During microsporogenesis, each microsporocyte goes through two
subsequent meiotic divisions, forming four identical microspores (pollen grains). A
haploid nucleus of each pollen grain then divides asymmetrically (first mitotic division),
producing vegetative cells (non-reproductive) and a generative (reproductive) cell.
Because only the generative cell, which produces two sperm cells in a subsequent second
mitotic division, transmits its nuclei to the next generation, this situation creates the
opportunity for cheating by B chromosomes. During the first pollen mitosis, B
7

chromosomes are maintained as a single unit because NCR prevents segregation (Twell,
2011). Due to the asymmetrical spindle in anaphase I of the first mitotic division, the B
chromosomes are positioned closer to the generative pole, and therefore accumulate in
the nucleus of the generative cell, which subsequently divides to generate two sperm
cells. Such unique segregation of B chromosomes in first mitotic cell division during
microsporogenesis is mediated by an NCR at the end of chromosomal arms that prevents
the homologous chromosomes from segregating (Figure 3 C - i). On the other hand, a B
chromosome segregates normally, with no preferential transmission, in rye mutants
lacking the NCR (Figure 3 C - ii).
Overall, B chromosome drive in both grasshopper and rye relies on an
asymmetrical MI spindle, so that B chromosome preferentially attach to the egg side of
the spindle. The mechanism of asymmetrical spindle formation is unknown, and it is also
unclear what promotes preferential B chromosome attachment to MTs from the
generative pole in rye.
Aberrant chromosome 1 (In/+ system) and Om locus in mouse

Biased segregation of aberrant chromosome 1 in female mice heterozygous for
that chromosome, represents an example of mammalian meiotic drive systems (Agulnik
et al., 1990, 1993b; c). This chromosome contains a homogeneously staining region
(HSRs) of long-range repeats of about 100 kb long, and was found in remote natural
populations of Mus musclus musculus (Volobouev et al., 1995; Traut et al., 1984;
Agulnik et al., 1988; Yukimenko and Korobitsyna, 1988; Agulnik et al., 1993a). A
8

portion of the M. m. musculus population has an inversion (In) in the HSR repeat that
split the HSR sequence into two distinct loci (Figure 4 B). Progeny from females
heterozygous for the inverted HRS repeat (HRS In/+) exhibit strong biased segregation, ~
85%, favoring the aberrant chromosome 1 over the normal chromosome 1 (Figure 4 A)
(Agulnik et al., 1990; Sabantsev et al., 1993). Because the HRS inverted region is far
from centromere, it frequently recombines in meiosis I (MI), so that In/+ segregates from
normal chromosome 1 in MII, which implies that observed drive is due to segregation in
MII (Figure 4 B) (Ruvinsky, 1995). Intriguingly, aberrant chromosome 1 segregation
depends on the origin of the sperm fertilizing the egg. Segregation bias is observed only
if the In/+ egg is fertilized by sperm with normal version of the chromosome 1 (HRS).
The mechanism of such intriguing observation remains a mystery. To better understand
the mechanism underlying this phenomenon, it may be important to characterize the
function of genes coded by parts of HRS sequence (Eckert et al., 1991).
Another example of meiotic drive at MII is represented by the Ovum mutant locus
(Om) mapped to mouse chromosome 11 in mouse (Wu et al., 2005). Biased segregation
of Om (61.5%) was observed in eggs heterozygous for the DDK allele in Om locus,
suggesting that DDK allele may enhance the attachment of that sister chromosome 11 to
the egg side of MII spindle. It is not known what is the mechanism of drive of the DDK
Om locus, especially if it does not exhibit neocentromere activity (CENP-E staining, G.
Wu. unpublished results).
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Univalent X chromosome segregation in mouse and C. elegans

XO female mice have only one X chromosome in their karyotype. Unlike human
XO females, mouse XO females are fertile and preferentially produce XX females, rather
than XO females (60/40), when crossed to normal males (Cattanach, 1962; Kaufman,
1972). These findings imply that the single X chromosome is preferentially retained in
female MI. Visualizing the X chromosome in intact eggs from XO shows that 30% of the
oocytes segregate the single X sister chromatids equationally in MI with no drive, and
remaining 70% oocytes segregate the complete X univalent preferentially to the egg
rather than to the polar body (67/33) (Figure 5 A) (LeMaire-Adkins and Hunt, 2000).
Studies in C. elegans with an additional X chromosome (XX + X) demonstrate
that the X univalent segregates preferentially to the polar body, producing ~ 70% normal
ova with a single X, and only 30% defective ova with two X chromosomes (Hodgkin et
al., 1979). In him-8 mutants that fail to form chiasmata between two X chromosomes, X
univalents are preferentially eliminated in MI, consistent with results obtained from XXX
females (Cortes et al., 2015). The mechanism of univalent biased segregation during
anaphase I is likely due its abnormal position toward the cortex, and due to the
conserved, asymmetric formation of the contractile ring separating ovum and first polar
body. Specifically, the contractile ring forms preferentially between the lagging univalent
chromosome and egg spindle pole, so that it is more likely pulled into the polar body
(Figure 5 B). This mechanism is not specific for univalent X chromosomes but likely
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applies to all univalents. It is not known how lagging univalents influence the position of
the contractile ring.
R2d2 hyperdrive in mouse

Responder to drive on chromosome 2 (R2d2) represents one of the strongest
meiotic driving systems characterized, with 94% preferential transmission in females
heterozygous for the locus (Didion et al., 2015). The R2d2 cluster is a massive copy
number expansion on chromosome 2, formed by 36 units of repetitive DNA that are
unique to a WSB/EiJ mouse strain. A strain with only one copy of such repetitive
sequence does not exhibit drive, indicating that drive depends on R2d2 expansion.
Because the observed segregation biased cannot be explained by either post-meiotic
dysfunction of selective male gametes, or selective post-fertilization defects, meiotic
drive sensu stricto explains the preferential segregation of R2d2. The mechanism of drive
is unknown but could involve neocentromere-like function of R2d2 or binding of the
protein product of Cwc2 gene, coded by R2d2 sequence, to R2d2 cluster to bias its
transmission. Further cell biological experiments are needed to understand this striking
meiotic drive system.

11

Centromere-associated female meiotic drive in yellow monkey-flowers (Mimulus
guttatus)
Yellow monkey-flower (Mimulus guttatus) represents an excellent model system
to study female meiotic drive in natural populations. Mimulus guttatus D allele exhibits
almost complete, ~ 98%, transmission advantage in interspecific crosses between M.
guttatus and M. nasutus (Fishman and Willis, 2005). Such strong bias transmission of D
allele strongly correlates with the presence of an extra centromere-associated DNA repeat
domain (Fishman and Saunders, 2008).
Preferential transmission of the D allele (~ 58%) is also detected within the
population of M. guttatus, implying that chromosome competition is a potent selective
force to fix the allele in this inbreeding population. Male infertility is a counterbalancing
such selection force, however, as M. guttatus homozygous for the D allele suffer from
significantly reduced pollen viability (~ 20%), compared to other genotypic classes. Thus
the balance between transmission advantage of the D allele through females and pollen
inviability in males leads to a D allele polymorphism rather than complete fixation. There
are still fundamental questions that need to be resolved to better understand the
mechanism of drive in monkey-flowers: i) what are the functional consequences of the
drive for kinetochores?, ii) how the chromosome with the D allele achieve preferential
segregation?, iii) what is the mechanism of reduced male fertility?
Overall these observations are consistent with the centromere drive hypothesis
predicting that centromere expansion by accumulating sequence repeats possess
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transmission advantage during asymmetrical female meiosis (Henikoff et al., 2001). In
this model asymmetrical female meiosis favors centromeres with expanded repetitive
sequences that recruit more kinetochore proteins. However, reduction in male fertility
creates selection pressure to restore the original kinetochore size by changing the
kinetochore proteins binding to those expended repeats. Such opposite selection forces
may explain rapidly evolving centromere sequences and proteins that bind to them,
despite conserved centromere function, a phenomenon known as centromere paradox
(Eichler, 1999; Henikoff et al., 2001).
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Figure 1

Figure 1. Meiotic drive terminology. Selfish DNA elements (red parts) exploit
asymmetrical female meiosis by preferential transmission to the viable gamete whereas
others degenerate as polar bodies (“true” meiotic drive, meiotic drive sensu stricto).
Changes in allele frequency in germlines, gametes or embryos due to other reasons, is
called transmission ratio distortion (TRD), which together with “true” meiotic drive is
called meiotic drive sensu lato. Adapted from (Pardo-Manuel de Villena and Sapienza,
2001a).
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Figure 2

Figure 2. Ab10 chromosome in maize. Abnormal chromosome 10 (Ab10) with an extra
DNA sequence (knob, red part) recombines with normal chromosome 10 (N10) in
meiosis I. Neocentromere activity of Ab10 knobs results in faster movement to the cell
poles, yielding a preferential position within a haploid tetrad that is maintained through
meiosis II. Ab10 transmits preferentially to the next generation since only apical cell
develops to a functional gamete whereas the other degenerate.
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Figure 3
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Figure 3. B chromosomes. (A) Asymmetrical female meiotic spindle in grasshopper
(Myrmeleotettix maculatus) drives the univalent B chromosomes preferential positioning
on larger egg side, leading to biased transmission to the egg. (B-C) B chromosomes
preferential accumulation in sperm cells during microsporogenesis in rye (Secale cereal)
is mediated by two factors: 1) NCR that prevents the B chromosomes to segregate
equationally between vegetative (V, non-reproductive) and generative (G, reproductive)
nuclei, 2) asymmetrical spindle that preferentially binds the B chromosome so that it
accumulates in generative cell further divides into two sperm cells (S). No accumulation
occurs in B chromosomes lacking NCR.
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Figure 4
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Figure 4. Abnormal chromosome 1 in mouse. (A) Normal version of chromosome 1
and its aberrant forms with homogeneously staining region (HRS), the part of which is
inverted (In). (B) Chromosome 1 with HRS+ In preferentially drives in MI when no
crossover occurs (rare) and is preferentially transmitted during MII when In recombines
with wt chromosome 1 (frequent). Image is adapted from Ruvinsky, 1995. Adapted from
(Ruvinsky, 1995).
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Figure 5
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Figure 5. XO chromosome drive in mouse and C. elegans. (A) Unpaired X
chromosome is preferentially retained in egg during MI in mouse oocytes. (B) Single
univalent X chromosome is preferentially expelled into polar body during MI in C.
elegans due to the its lagging position at metaphase plate and biased formation of
contractile ring.
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CHAPTER 2

Centromere strength provides the cell biological basis for meiotic drive
and karyotype evolution in mice

Chmátal et al. 2014, Current Biology paper is basis for this chapter
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SUMMARY

Mammalian karyotypes (number and structure of chromosomes) can vary dramatically
over short evolutionary time frames (Rieseberg, 2001; Faria and Navarro, 2010; Brown
and O’Neill, 2010). There are examples of massive karyotype conversion, from mostly
telocentric (centromere terminal) to mostly metacentric (centromere internal), in 102-105
years (Britton-Davidian et al., 2000; White et al., 2010). These changes typically reflect
rapid fixation of Robertsonian (Rb) fusions, a common chromosomal rearrangement that
joins two telocentric chromosomes at their centromeres to create one metacentric (White
et al., 2010). Fixation of Rb fusions can be explained by meiotic drive: biased
chromosome segregation during female meiosis in violation of Mendel’s First Law
(Brown and O’Neill, 2010; Pardo-Manuel de Villena and Sapienza, 2001b; Rice, 2013).
However, there is no mechanistic explanation of why fusions would preferentially
segregate to the egg in some populations, leading to fixation and karyotype change, while
other populations preferentially eliminate the fusions and maintain a telocentric
karyotype. Here we show, using both laboratory models and wild mice, that differences
in centromere strength predict the direction of drive. Stronger centromeres, manifested by
increased kinetochore protein levels and altered interactions with spindle microtubules,
are preferentially retained in the egg. We find that fusions preferentially segregate to the
polar body in laboratory mouse strains when the fusion centromeres are weaker than
those of telocentrics. Conversely, fusion centromeres are stronger relative to telocentrics
in natural house mouse populations that have changed karyotype by accumulating
metacentric fusions. Our findings suggest that natural variation in centromere strength
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explains how the direction of drive can switch between populations. They also provide a
cell biological basis of centromere drive and karyotype evolution.
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INTRODUCTION

When new Rb fusions arise and are present in the heterozygous state, the direction of
chromosome segregation during female meiosis I (MI) (Figure 6 A) determines whether
the metacentric fusions are transmitted to the offspring. Metacentrics that segregate to the
polar body are lost, because the homologous telocentrics are retained in the egg. In
contrast, preferential segregation of metacentrics to the egg favors their fixation and,
involving multiple different metacentrics in a population, eventual conversion of a
telocentric karyotype to a metacentric karyotype. This biased segregation, a form of
meiotic drive, can explain karyotype change in numerous mammalian species that have
accumulated Rb fusions (White et al., 2010; Buckland and Evans, 1978; Mao et al., 2008;
Aniskin et al., 2006; Pardo-Manuel de Villena and Sapienza, 2001b). The western house
mouse (Mus musculus domesticus) is the best characterized example of recently divergent
telocentric and metacentric karyotypes (Piálek et al., 2005). The typical mouse karyotype
is completely telocentric, with a diploid chromosome number of 2n=40, but numerous
natural populations have fixed multiple different metacentrics and show dramatically
reduced chromosome numbers (e.g., 2n=22) (Garagna et al., 2014; Piálek et al., 2005).
According to the meiotic drive hypothesis, Rb fusions segregate preferentially to the egg
in these populations and preferentially to the polar body in other populations that have
remained telocentric. It is not known what determines the direction of drive and how that
direction can differ between populations, so that some retain the fusions and change
karyotype while others do not.
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RESULS

Metacentrics that preferentially segregate to the polar body have weak centromeres
relative to telocentrics

To establish a system exhibiting meiotic drive of Rb fusion metacentrics in mouse
oocytes, we crossed a standard laboratory strain (CF-1), with all telocentric chromosomes
(2n=40), to a strain homozygous for a single metacentric fusion between chromosomes 6
and 16 (2n=38). This fusion originated in a natural population that accumulated multiple
metacentrics (Gropp et al., 1977) and was subsequently crossed into a lab strain
(C57BL/6) to generate a strain homozygous for a single metacentric. In the offspring
from this cross, Rb(6.16) x CF-1, the metacentric pairs with the homologous telocentric
chromosomes in MI oocytes to form a trivalent structure. There are two possible
outcomes of balanced trivalent segregation in anaphase I (Figure 6 A), and any difference
between their frequencies indicates meiotic drive. Based on both centromere counting
and morphological detection of the metacentric chromosome, we found that 40% of MII
eggs contained the metacentric, indicating significantly biased segregation to the polar
body (Figure 6 B). This result demonstrates meiotic drive and is consistent with previous
reports for more than thirty different Rb fusion metacentrics that are singly heterozygous
in a laboratory mouse background, although in some cases the reported transmission ratio
distortion could be due to post-zygotic selection (e.g., embryonic lethality) (PardoManuel de Villena and Sapienza, 2001b).
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The direction of segregation of the metacentric and homologous telocentrics
depends on interactions between centromeres of the trivalent and microtubules of the MI
spindle. To determine whether functional differences between centromeres might
contribute to biased segregation, we stained Rb(6.16) x CF-1 MI oocytes for HEC1 (also
known as NDC80), a major microtubule binding protein at kinetochores (Cheeseman and
Desai, 2008). We find 40% less HEC1 at centromeres of metacentrics compared to
telocentrics (Figure 6 C), and we obtained similar results for two other Rb fusion
metacentrics (Figure 10) that also exhibit biased segregation (Pardo-Manuel de Villena
and Sapienza, 2001b). We also investigated staining of CENP-A, the histone H3 variant
that defines the centromere, using spermatocytes because of technical difficulties with
CENP-A staining in oocytes in metaphase I. We find 16% less CENP-A protein at
centromeres of metacentrics relative to telocentrics (Figure 6 D). These results indicate
that centromeres of metacentric chromosomes are weaker relative to centromeres of
telocentrics, based on levels of two key kinetochore proteins, in a system where the
metacentrics are preferentially lost in MI.

Differential centromere strength within telocentric bivalents affects their position at
metaphase I

In contrast to our Rb(6.16) x CF-1 system, metacentrics likely exhibited drive in
the opposite direction in wild populations that have accumulated Rb fusion metacentrics
and changed karyotype (metacentric races). Using commercially available mice from one
of these metacentric races, CHPO (2n=26), which is homozygous for seven metacentrics
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and six telocentrics (Piálek et al., 2005; Gropp et al., 1969), we assessed centromere
strength by HEC1 staining in MI oocytes, with CF-1 for comparison. We found ~50%
less HEC1 at each CHPO centromere, on average, compared to CF-1 centromeres (Figure
7 A). To determine whether this difference reflects an intrinsic property of centromeres
rather than different HEC1 expression levels, we stained HEC1 in oocytes from a CF-1 x
CHPO cross. For this analysis we focused on the six telocentric bivalents formed from
the six CHPO telocentrics paired with homologous CF-1 telocentrics. We found unequal
HEC1 staining across each bivalent, with an average difference of 40% (Figure 7 B),
which we interpret as the brighter and dimmer centromeres originating from CF-1 and
CHPO, respectively. We did not see such HEC1 asymmetry across bivalents from either
of the parental strains, CF-1 or CHPO (Figure 7 B). If the observed differences in
centromere strength, as measured by HEC1 staining, have functional consequences for
microtubule interactions, we predict that CF-1 x CHPO bivalents would be positioned
off-center at metaphase I due to unbalanced microtubule pulling forces on either side of
each bivalent. Consistent with this prediction, we find that CF-1 x CHPO bivalents are
frequently off-center on the spindle, towards the pole facing the stronger centromere (i.e.,
more HEC1) (Figure 7 C-E). In contrast, bivalents in the CF-1 parental line were well
aligned in the center of the spindle. These results indicate that differences in centromere
strength, as measured by HEC1 staining, are intrinsic to centromeres and lead to
functional differences in microtubule interactions.
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Metacentrics have stronger centromeres relative to telocentrics in mice that have
accumulated multiple metacentrics

In the Rb(6.16) x CF-1 system, centromeres of metacentrics are weaker relative to
telocentrics and preferentially lost in the polar body during MI (Figure 6). We tested
whether this centromere strength relationship is reversed in CHPO, which represents a
natural population that accumulated Rb fusions. To measure centromere strength of
metacentrics relative to telocentrics in CHPO, we first examined oocytes from the CF-1 x
CHPO cross. These oocytes contain seven trivalents, in which CHPO metacentric fusions
pair with homologous CF-1 telocentrics (Figure 8 A), and the CHPO metacentrics can be
unambiguously identified based on the trivalent morphology. Additionally, the CHPO
telocentrics can be identified in the same oocytes as the dimmer centromeres in
telocentric bivalents. Based on this analysis, we find that centromeres of CHPO
metacentrics contain 14% more HEC1 on average than centromeres of CHPO telocentrics
(Figure 8 B). Second, we analyzed CENP-A staining intensity in chromosome spreads
from CHPO spermatocytes, in which the metacentrics and telocentrics can easily be
identified. Consistent with the HEC1 result, centromeres of CHPO metacentrics have
~25% more CENP-A relative to CHPO telocentrics (Figure 8 C). These results show that
centromeres of metacentrics are stronger relative to telocentrics in animals in which the
metacentrics were presumably preferentially retained during MI.
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Relative centromere strength predicts meiotic drive in natural mouse populations with
metacentrics

Based on our results with lab strains (CF-1, CHPO), we propose that relative
centromere strength of metacentric fusions vs. homologous telocentrics determines the
direction of meiotic drive, with stronger centromeres preferentially remaining in the egg.
Thus, if an Rb fusion metacentric arises or is introduced into a strain with strong
centromeres, such that the fusion centromere is weaker than the homologous telocentrics,
it preferentially segregates to the polar body (Figure 6 B). Conversely, Rb fusions
originating on a weak centromere background may be strong relative to the telocentrics
and segregate preferentially to the egg. If there is natural variation in centromere strength
such that some mouse populations have weak centromeres, consistent with rapid
centromere evolution (Malik, 2009), our hypothesis can explain why these populations
would accumulate Rb fusions. We observed such variation in centromere strength based
on HEC1 staining in oocytes from evolutionarily and geographically diverse mouse
species, subspecies and strains (Figure 9 A, C). Although factors like population size and
geographical isolation also likely contribute to chromosomal fixation (Walsh, 1982),
there are two predictions of our model for the formation of natural metacentric races that
can be tested by analyzing centromere strength in wild mouse populations. First,
metacentric races should have weak centromeres overall, as seen with CHPO (Figure 7
A, 9 C), so that a newly arising Rb fusion would appear relatively stronger. Second, if we
compare centromeres within a single cell from a metacentric population, centromeres of
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metacentric chromosomes should be stronger than those of telocentrics (e.g., CHPO,
Figure 8).

To test these predictions, we collected mice from natural metacentric-containing
populations in Barcelona (Medarde et al., 2012), Madeira Island (Britton-Davidian et al.,
2000) and Greece (Mitsainas and Giagia-Athanasopoulou, 2005) (Figure 9 F), and
confirmed their karyotype (Figure 11, 12). The metacentrics are fixed or almost entirely
fixed in the Madeira and Greece populations (i.e., metacentric races), but the Barcelona
population includes individuals that are heterozygous for some fusions and homozygous
for others, and none of the fusions are fixed (i.e., the population is polymorphic)
(Medarde et al., 2012). To compare centromere strength between populations, we stained
HEC1 in MI oocytes from these animals (Figure 9 B, C), using a standard telocentric
laboratory strain (C57BL/6 or BALB/c) for comparison. We find that mice from the
metacentric population in Greece (GROL) have ~ 60% less HEC1 per centromere relative
to lab mice, consistent with our results from CHPO and with our prediction that a
metacentric population should have relatively weak centromeres. The Barcelona mice
(EBAR 2n=27-35) showed variability in HEC1 among individual animals (Figure 13),
suggesting that metacentrics are not fixed in this population because they are not
consistently driving against weak centromeres. We also detected weak centromeres in a
telocentric population in Greece (2n=40), which suggests that different geographical
populations of house mouse can vary in centromere strength, consistent with our results
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with commercially available animals. We were not able to obtain a standard lab strain on
Madeira for comparison and therefore did not include these animals in our analysis.

To compare centromeres within single cells, we stained CENP-A in
spermatocytes and compared the metacentrics and telocentrics. Results from all three
localities sampled in Madeira (PSAN 2n=22, PEDC 2n=24, PPOD 2n=27-28) and from
Greece (GROL 2n=24) showed 10-15% stronger CENP-A signal at centromeres of
metacentrics relative to telocentrics (Figure 9 D, E). Metacentrics and telocentrics were
not statistically different in CENP-A staining in the EBAR mice (Figure 9 E, 14), which
suggests that meiotic drive is not strong enough to fix metacentrics in this population. In
summary, comparisons both between and within metacentric-containing populations
support our model in which relative centromere strength determines the direction of
meiotic drive acting on metacentrics.
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DISCUSSION

Overall our results show natural variation in centromere strength and that these
differences are functionally relevant as they affect interactions with spindle microtubules.
Rb fusion metacentrics that preferentially segregate to the polar body in laboratory
animals have weaker centromeres relative to the homologous telocentrics. In contrast,
centromeres of Rb fusions are relatively stronger than telocentrics in metacentric
populations where the fusions were preferentially retained. Our findings provide the first
experimental evidence for the idea that stronger centromeres, with increased levels of
centromere proteins, preferentially segregate to the egg, which was previously proposed
based on theoretical considerations (Henikoff et al., 2001). Our results also explain how
Rb fusions can drive in either direction, based on relative centromere strength. We
propose that fusions arising on a strong centromere background tend to have weaker
centromeres than the homologous telocentrics, preferentially segregate to the polar body,
and are lost from the population. In contrast, metacentrics emerging on weak centromere
backgrounds are stronger than the telocentrics, are preferentially retained, and therefore
accumulate in the population (Figure 9 G). This karyotype evolution can lead to
speciation because hybrids between different karyotypes exhibit meiotic abnormalities
contributing to reproductive isolation (Shurtliff, 2013; Hauffe et al., 2012). Our findings
motivate future studies to determine the molecular basis for differences in centromere
strength.
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MATERIALS AND METHODS

Oocyte collection and culture

Mouse strains were purchased from the Jackson Laboratory [Rb(6.16)24Lub,
stock# 000885; B6Ei.Cg-Rb(7.18)9Lub/J, stock #001615; B6Ei.Cg-Rb(2.17)11Rma/J,
stock #001387; C57BL/6J, stock# 000664; BALB/c, stock# 000651; Mus pahari/EiJ,
stock #002655; CAROLI/EiJ, stock #000926; ZALENDE/EiJ, stock #001392; CAST/EiJ,
stock #000928; PWD/PhJ, stock #004660] or Harlan NSA (CF-1, solicitation #
DL3171940). Female mice (7-14 wk-old) were hormonally primed with 5U of Pregnant
Mare Serum Gonadotropin (PMSG, Calbiochem, cat# 367222) 48 h prior to oocyte
collection. Germinal vesicle (GV)-intact oocytes were collected in bicarbonate-free
minimal essential medium with polyvinylpyrrolidone and Hepes (MEM-PVP), denuded
from cumulus cells, and cultured in Chatot-Ziomek-Bavister (CZB) medium covered
with mineral oil (Sigma, cat# M5310) in a humidified atmosphere of 5% CO2 in air at
37°C. Meiotic resumption was inhibited by addition of 7.5 µM milrinone (SigmaAldrich) (Mus pahari/EiJ, CAROLI/ EiJ, PWD/PhJ, CAST/EiJ) or 2.5 µM milrinone (all
others). Milrinone was subsequently washed out to allow meiotic resumption. Oocytes
were checked for nuclear envelope breakdown (GVBD) 1.5 h after the washout, and
those that did not enter GVBD were removed from the culture. MI oocytes were fixed 67.5 h after GVBD (depending on mouse species) when the spindle was fully developed
and close to anaphase I. All animal experiments were approved by the Institutional
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Animal Care and Use Committee and were consistent with the National Institutes of
Health guidelines.
Sucrose spreading of mouse spermatocyte chromosomes

A modification of a chromosome spreading protocol (Morelli et al., 2008) was
used. Mouse testes were collected from 8-12 wk-old males, and individual seminiferous
tubules were transferred to 3 ml of ice cold freshly made hypotonic buffer for 60 min.
Small sections of tubules were placed on depression slides (Science Lab, cat # 10-13058) in 32 µl of 100 mM sucrose (pH 8.2) and minced with two scalpel blades until most of
the tubules were cut and liquid was cloudy. Any large chunks of tubules were removed
and another 32 µl of sucrose was added and mixed with the sample, followed by
spreading 30 µl of cell suspension on slides dipped into freshly made 1% PFA (pH 9.2,
0.15% Triton X-100 in dH2O). Slides were then placed directly into a humidified
chamber covered with a lid. After 2.5 h the lid was left half-open for an additional 30
min. After drying, slides were washed twice in Photoflo/PBS for 5 min followed by
antibody staining.
Oocyte immunocytochemistry

Mouse oocytes were fixed in freshly prepared 2% paraformaldehyde in PBS with
0.1% Triton X-100, pH 7.4, for 25 min at room temperature, placed in blocking solution
(PBS containing 0.3% BSA and 0.01% Tween-20) overnight at 4°C, then permeabilized
in PBS with 0.3% BSA and 0.1% Triton X-100 for 20 min, and washed in blocking
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solution for 20 min before primary antibody staining. Human CREST autoimmune serum
(1:100 dilution, PerkinElmer) or rabbit polyclonal anti- HEC1 antibody (1:500, a gift
from R. Benezra) were used to label centromeres or kinetochores. Rabbit anti-AURKA
antibody (1:1000, BETHYL, cat# 800-338-9579) was used to detect spindle poles. After
1 h incubation with primary antibodies, cells were washed three times for 15 min.
Secondary antibodies were Alexa Fluor 594–conjugated goat anti–human or donkey antirabbit (1:500, Invitrogen). Cells were washed three times for 15 min in blocking buffer
and mounted in Vectashield with bisbenzimide (Hoechst 33342, Sigma-Aldrich) to
visualize chromosomes. To improve HEC1 staining, oocytes were placed in ice-cold
MEM-PVP medium for 8 min prior to fixation to depolymerize microtubules.
Confocal images were collected as z-stacks at 0.3-µm intervals to visualize all
chromosomes (25-30 µm range) using a microscope (DMI4000 B; Leica) equipped with
a 63× 1.3 NA glycerol-immersion objective lens, an xy piezo Z stage (Applied Scientific
Instrumentation), a spinning disk confocal scanner (Yokogawa Corporation of America),
an electron multiplier charge-coupled device camera (ImageEM C9100-13; Hamamatsu
Photonics), and an LMM5 laser merge module with 488- and 593-nm diode lasers
(Spectral Applied Research) controlled by MetaMorph software (Molecular Devices). For
HEC1 quantitation in MI oocytes, regions were drawn manually around individual
centromeres (15 per oocyte) using ImageJ, and the mean intensity was calculated at the
brightest plane after background subtraction. The average was calculated for each group
(CF-1, n=60; C57BL/6J, n= 76; M. pahari, n=30; M. m. domesticus, n=51; CHPO, n=79;
M. caroli, n=17; M. m. castaneus, n=38; EBAR, n=70; GROL, n=40; Greece 2n=40,
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n=30). To normalize to the CF-1 strain for comparison, the average HEC1 intensity for
each group was divided by the intensity for CF-1. For oocytes from wild mice, HEC1
intensity was normalized to available laboratory strains (C57BL/6J or BALB/c) and then
normalized to CF-1 based on ratios calculated from HEC1 staining in these strains.
Statistical differences for metacentric (EBAR, GROL) or telocentric (Greece, 2n=40)
populations vs. laboratory strains (C57BL/6J and BALB/c) were determined by an
unpaired t-test.
For the bivalent positioning assay (Figure 7 C-E), GV oocytes from 6-12 wk old
CF-1 and CHPO x CF-1 females were collected, matured in vitro into MI (7.5-8 h after
GVBD), fixed and stained for HEC1, AURKA (or tubulin) and DNA. To preserve the
chromosome position within the spindle, no cold treatment was applied. AURKA
staining poles (or tubulin) provided a spatial reference for scoring the position of
telocentric bivalents (Figure 7 C), based on bivalent position in the spindle and
orientation with respect to the HEC1-brighter and -dimmer centromeres. The position of
each bivalent was calculated (d; in Figure 7 D) as the distance from the bivalent,
projected onto the pole-pole axis kinetochore, to the spindle midzone (calculated as the
midpoint between the two spindle poles). To quantify the differences in centromere
HEC1 staining between CHPO metacentrics and CHPO telocentrics (Figure 8 B), the
HEC1 signal was quantified for most CHPO metacentrics and CHPO telocentrics in each
oocyte; the statistical difference between metacentrics and telocentrics was calculated by
an unpaired t-test. A representative experiment is shown (Figure 8 B), and similar results
were obtained in three independent experiments.
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Spermatocyte immunocytochemistry

Mouse spermatocytes were spread on glass slides (Fisherfinest, #12-544-3) as
described above, incubated for 10 min at room temperature in 0.4% Photoflo (Fisher, cat
#1464510)/PBS, followed by 10 min in 0.01% Triton-X100/PBS and 10 min in antibody
dilution buffer ADB/PBS (3g BSA, 10 ml of goat serum, 250 µl of 20% Triton X-100 in
1 L of PBS). Slides were incubated with rabbit monoclonal anti-CENP-A antibody
(1:400, clone C51A7, Cell Signaling, cat# 2048) and guinea pig anti-SYCP2 antibody
(1:200, a gift from J. Wang) overnight at room temperature in a humidified chamber,
washed for 10 min in Photoflo/PBS, Triton-X/PBS and ADB/PBS sequentially, and
incubated for 1.5 h at 37°C with FITC conjugated donkey anti-guinea pig secondary
antibody (1:100, Vector Laboratories) and Alexa-594 conjugated donkey anti-rabbit
secondary antibody (1:2000, Invitrogen). Slides were then washed three times, 10 min
each, with 0.4% Photoflo/PBS and once with 0.4% Photoflo/dH2O for 10 min and
mounted with Vectashield with Hoechst 33342 on a 24x40mm #1.5 cover glass (Thermo
Scientific, cat# 152440). From each slide at least 10 primary spermatocytes at the
diplotene stage of prophase I were selected based on the distinct SYCP2 staining pattern
(Morelli et al., 2008) and imaged as a z-stack at 0.2-µm intervals to visualize all
chromosomes, using the confocal microscope described above. All metacentric and
telocentric chromosomes in each cell were identified by the characteristic centromere
(CENP-A) position. For CENP-A quantitation the mean intensity at each centromere was
calculated from a z-projection. Average CENP-A intensity was calculated after
background subtraction for metacentric and telocentric chromosomes. The ratio of
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metacentric/telocentric was calculated for each cell, then averaged over all animals (3
slides per animal) for each locality. Statistical differences between metacentric and
telocentric chromosomes were determined by an unpaired t-test.
Centromere counting assay in MII eggs

6-12 wk-old Rb(6.16)24Lub x CF-1 females were primed with 5U PMSG and 48
h later with 5U of equine chorionic gonadotropin (eCG, Sigma, cat# C1063-1VL), and 12
h later in vivo matured MII eggs were collected. Eggs were treated with hyaluronidase
enzyme (3 mg/ml in MEM-PVP medium, Sigma) for 10 min until cumulus cells fell off,
then incubated in 100 µM kinesin-5 inhibitor, monastrol, in CZB media for 1.5 h in 5%
CO2 in air at 37°C. Eggs were fixed in 2% PFA, stained for centromeres (CREST) and
DNA (Sytox green, 1:5000, Molecular Probes), mounted into Vectashield, and imaged as
z-stacks at 0.3-µm intervals using the confocal microscope described above. Centromeres
in MII eggs were counted manually using ImageJ software. In addition, in ~ 50% of eggs
the combination of DNA and kinetochore staining was used to confirm the presence of
the morphologically distinct Rb fusion metacentric. The centromere counting analysis
was performed blind by mixing images from Rb(6.16)24Lub x CF-1 MII eggs with
images from telocentric CF-1 MII eggs. After the analysis, the origin of each image was
revealed to determine the fraction of false positive results (i.e., CF-1 counted as 38
centromeres). Only 2% of CF-1 MII eggs were miscounted, indicating high reliability of
the centromere counting assay. Centromere counts from 168 MII eggs (>10 females, 4
independent experiments) were analyzed with chi-square test (χ2=6.88, p=0.0087)
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showing that the segregation ratio 60% : 40% was statistically significant (n=101 with 40
centromeres, n=67 with 38 centromeres).
Collection of wild mice

Three males and three females from each natural metacentric population (with the
exception of GROL, where only 2 males were trapped) were live-trapped during
September and October 2013 in commensal habitats within the known geographic range
of a given metacentric population (PSAN, PPOD, PEDC, EBAR, GROL). Mice with all
telocentric chromosomes were trapped in June 2013 from three distinct places in Greece:
Razata (Cephalonia Island, N 38° 10' 57.7'', E 20° 30' 51.0''), Faraklada (N 37° 12' 0.6'', E
21° 360' 55.3'') and Nea Artaki (Halkida, N 38° 29' 15.7'', E 23° 37' 32.4''). GV oocytes
were collected, matured in vitro for 7 h after GVBD to metaphase I, fixed and stained for
HEC1 and DNA. In Greece and Barcelona, 2 - 3 females from standard laboratory mouse
strains (C57BL/6J, BALB/c) were subjected to the same oocyte collection, fixation and
staining procedure. Spermatocyte chromosome spreads (3 slides per animal) were stained
for CENP-A, SYCP2, and DAPI. Glass slides with stained MI oocytes and spermatocytes
from each locality were shipped to Philadelphia for imaging and analysis.
Karyotypes from each animal were obtained from cell suspensions prepared from
bone marrow (Ford, 1966) as follows: bone marrow cells expelled from the mouse femur
were subjected to a hypotonic shock in 0.56% (0.075 M) KCl for 30 min at 37º C (no
mitotic inhibitor was used during the protocol to avoid compromising
oocyte/spermatocyte meiosis). A pre-fixation step with methanol and glacial acetic acid
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(3:1) was performed, followed by three rounds of fixation with ice-cold fixative. Airdried slides with cell suspensions were prepared and stained with 5% Giemsa to confirm
the diploid number of each individual.
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Figure 6
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Figure 6. Metacentrics that preferentially segregate to the polar body have weak
centromeres relative to telocentrics. (A) Two possible outcomes of balanced trivalent
segregation when a metacentric pairs with its homologous telocentric chromosomes in
MI: the metacentric segregates to the polar body and the telocentrics stay in the egg (i), or
vice versa (ii). (B) DNA and centromere (CREST) staining in Rb(6.16) x CF-1 MII eggs
treated with kinesin-5 inhibitor to disperse the chromosomes; insets: telocentric (left) or
metacentric (right) chromosomes. The metacentric preferentially segregates to the polar
body (60%, n=168, p=0.009). (C) HEC1 staining in Rb(6.16) x CF-1 MI oocytes (n=91)
was quantified for the metacentric (inset, yellow asterisk) and homologous telocentrics in
the trivalent, and for other telocentrics. (D) CENP-A staining, shown with synaptonemal
complex protein SYCP2, was quantified for the metacentric (inset 1) and telocentrics
(inset 2) in Rb(6.16) spermatocytes (n=305). Black asterisks: p<0.05; scale bars: 5 μm;
A.U.: arbitrary units.
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Figure 7

44

Figure 7. Differential centromere strength within telocentric bivalents affects their
position at metaphase I. (A) HEC1 staining per centromere was quantified in CF-1
(n=28) and CHPO (n=15) MI oocytes, A.U.: arbitrary units, error bars: SEM. (B) HEC1
staining in CF-1 x CHPO oocytes (n=28). Graph shows the binned distribution of HEC1
intensity ratios (dimmer divided by brighter kinetochore) calculated for each telocentric
bivalent in CF-1 x CHPO oocytes (green, n=28), CF-1 oocytes (red, n=32) or CHPO
oocytes (blue, n=30). (C) Images show AURKA, HEC1, and DNA staining in CF-1 x
CHPO oocytes (n=64) at metaphase I: a maximal intensity z-projection including all
chromosomes (1) and optical sections showing each telocentric bivalent individually (27). Schematic shows bivalent positions as equidistant between the two poles (middle), or
off-center towards the stronger kinetochore (upper panel) or weaker kinetochore (lower
panel). The proportion of bivalents in each group is plotted. (D, E) Schematic shows
bivalent position measured as distance (d) from the spindle midzone. Positions of CF-1
and CF-1 x CHPO bivalents at metaphase I are plotted. Each point represents one
bivalent; mean shown as red bar. Insets: HEC1 in individual bivalents; scale bars: 5 μm;
asterisks: p<0.001.
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Figure 8

Figure 8. Metacentrics have stronger centromeres relative to telocentrics in mice
that have accumulated multiple metacentrics. (A, B) Chromosome composition and
HEC1 staining in CF-1 x CHPO MI oocytes (n=28). Staining was quantified at
centromeres from CHPO telocentrics (identified as the dimmer kinetochores in bivalents,
red asterisk) and from CHPO metacentrics in trivalents (yellow asterisk). (C) CENP-A
staining in CHPO primary spermatocytes (n=67) was quantified for metacentrics (inset 1)
and telocentrics (inset 2). Black asterisks: p<0.05; scale bars: 5 μm; A.U.: arbitrary units.
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Figure 9
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Figure 9. Relative centromere strength predicts meiotic drive in natural mouse
populations with metacentrics. (A, B) HEC1 staining in MI oocytes from commercially
available mouse species, subspecies and strains (A) and from natural metacentric
populations in Barcelona and Greece and a telocentric population in Greece, together
with a standard laboratory strain for comparison (B). (C) HEC1 staining was quantified
relative to laboratory mouse strains and normalized to CF-1. Numbers of oocytes in each
group are indicated; gray bars: telocentric populations, black bars: metacentric
populations; asterisks: statistically different from lab strains (p<0.05). (D, E) CENP-A
staining was quantified in spermatocytes from CHPO, Rb(6.16), and natural metacentric
populations. A representative image of a metacentric karyotype (D) is shown (PSAN,
2n=22); insets: telocentric (1) and metacentric (2) chromosomes. The ratio of CENP-A
staining in metacentrics divided by telocentrics was calculated for each group (E).
Asterisks: metacentrics statistically different from telocentrics (p<0.05). Scale bars: 5
μm; A.U.: arbitrary units. (F) Listing of the karyotypes of the natural metacentric
populations used in this study. (G) Model for meiotic drive of Rb fusions. In populations
with strong centromeres, fusions that arise spontaneously (red chromosomes) tend to
have weaker centromeres than the homologous telocentrics and therefore preferentially
segregate to the polar body. In populations with weak centromeres, fusions tend to be
relatively strong and are preferentially retained in the egg.
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Figure 10

Figure 10. Centromere HEC1 quantification of Rb(2.17) and Rb(7.18) metacentrics.
MI oocytes from the Rb(2.17) x CF-1 cross (A, n=70) or the Rb(7.18) x CF-1 cross (B,
n=50) were fixed and stained for DNA and HEC1. HEC1 staining was quantified at
centromeres from the metacentric and the homologous telocentrics in the trivalent, and
from other telocentrics. Asterisks indicate that metacentrics are statistically different from
telocentrics (p<0.05); A.U.: arbitrary units.
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Figure 11

Figure 11. Karyotypes of mice from natural metacentric populations.
Bone marrow cells were collected from mice from the indicated localities, and
karyotypes were obtained by Giemsa staining. Representative karyotypes for each animal
(A, EBAR) or locality (B, GROL) are shown with the number of chromosomes indicated.
Black asterisks mark metacentrics. The tables show the homozygous (HOM) or
heterozygous (HET) constitution for a given metacentric for each individual.
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Figure 12

Figure 12. Karyotypes of mice from natural metacentric populations.
Bone marrow cells were collected from mice from the indicated localities, and
karyotypes were obtained by Giemsa staining. Representative karyotypes for each animal
(PPOD, PSAN, PEDC) is shown with the number of chromosomes indicated. Black
asterisks mark metacentrics. The tables show the homozygous (HOM) or heterozygous
(HET) constitution for a given metacentric for each individual.
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Figure 13

Figure 13. HEC1 quantification in MI oocytes from natural metacentric
populations. MI oocytes from animals from the indicated localities, together with
laboratory strain C57BL/6 or BALB/c for comparison, were fixed and stained for DNA
and HEC1. HEC1 staining was quantified in randomly chosen centromeres. Each bar
represents n≥140 centromeres from at least 8 oocytes from a single animal. Asterisks
indicate that centromere HEC1 signal is statistically different from lab strains (p<0.05),
A.U.: arbitrary units.
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Figure 14

Figure 14. CENP-A quantification in primary spermatocytes from natural
metacentric populations. Spermatocytes (n≥29) from males from wild metacentric
populations (EBAR, GROL, PEDC, PPOD, PSAN) were fixed and stained for CENP-A,
together with synaptonemal complex protein SYCP2. CENP-A staining was quantified
for the metacentrics (n≥91) and for the telocentrics (n≥34) and plotted as a ratio. P values
indicate whether the ratio is significantly different from one, A.U.: arbitrary units.
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CHAPTER 3

Spatial regulation of kinetochore microtubule attachments by
destabilization at spindle poles in meiosis I

The data in Chapter 3 are in press (Chmátal L., Yang K. et al., 2015, Current Biology)
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SUMMARY

To ensure accurate chromosome segregation in cell division, erroneous kinetochoremicrotubule (MT) attachments are recognized and destabilized. Improper attachments
typically lack tension between kinetochores and are positioned off-center on the spindle.
Low tension is a widely accepted mechanism for recognizing errors, but whether
chromosome position regulates MT attachments has been difficult to test. We exploited a
meiotic system in which kinetochores attached to opposite spindle poles differ in their
interactions with microtubules, and therefore position and tension can be uncoupled. In
this system homologous chromosomes are positioned off-center on the spindle in oocytes
in meiosis I, while under normal tension, as a result of crossing mouse strains with
different centromere strengths, manifested by unequal kinetochore protein levels
(Chmátal et al., 2014). We show that proximity to spindle poles destabilizes kinetochoreMTs, and that stable attachments are restored by inhibiting Aurora A kinase at spindle
poles. During the correction of attachment errors, kinetochore MTs detach near spindle
poles to allow formation of correct attachments. We propose that chromosome position
on the spindle provides spatial cues for the fidelity of cell division.
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INTRODUCTION

Proper chromosome segregation during eukaryotic cell division requires that
kinetochores attach to opposite spindle poles (bi-orientation) so that sister chromatids
(mitosis/meiosis II) or homologous chromosomes (meiosis I, MI) are pulled in opposite
directions in anaphase. Incorrect attachments are selectively destabilized to allow new
attachments to form (re-orientation). During this error-correction process, it is widely
accepted that kinetochore-MT interactions are regulated by tension, due to MTs pulling
kinetochores towards opposite spindle poles (Nicklas, 1997). Kinetochore substrates of
Aurora B kinase (AURKB), which localizes to the inner centromere, are phosphorylated
when tension is low to destabilize incorrect attachments (Lampson and Cheeseman,
2011). This process has been studied in mitotic cells in the context of syntelic attachment
errors, in which sister kinetochores are attached to the same spindle pole. AURKB
activity leads to depolymerization of syntelic kinetochore MTs, but attachments are
maintained as chromosomes are pulled towards the pole (Lampson et al., 2004). From the
pole chromosomes then congress and ultimately achieve bi-orientation by capturing MTs
from the opposite site of the spindle (Kapoor et al., 2006). Because low tension does not
directly lead to MT release from kinetochores, it is unclear how erroneous MTs are
detached to allow re-orientation. The observation that syntelic chromosomes approach
the spindle pole as part of the error correction process suggests that chromosome position
on the spindle may contribute to release of kinetochore MTs.
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RESULTS

Proximity to spindle poles destabilizes kinetochore MTs

Uncoupling mechanisms that depend on chromosome position vs. tension has
been challenging because chromosomes near spindle poles are also likely incorrectly
attached and lack tension. Furthermore, most chromosomes align quickly in the center of
the spindle in mitosis, limiting opportunities to examine spatial regulation. To overcome
these problems, we examined mouse oocytes in MI with asymmetric homologous
chromosomes, which are typically positioned off-center on the spindle while correctly
oriented towards opposite spindle poles. We used oocytes with a single Robertsonian
(Rb) chromosome, which is a metacentric chromosome created by fusion of two
telocentric chromosomes (6 and 16) at the centromeres. We crossed a standard laboratory
strain with all telocentric chromosomes (CF-1) to a strain homozygous for the Rb(6.16)
fusion. In MI oocytes from the offspring from the Rb(6.16) x CF-1 cross, the Rb fusion is
in the heterozygous state and pairs with the two homologous telocentric chromosomes,
creating an asymmetric trivalent (Figure 15 A). Within the trivalent, we previously
showed that centromeres of the telocentrics are stronger than the fusion centromere,
indicated by higher levels of kinetochore proteins (Chmátal et al., 2014). These
differences in centromere strength lead to unbalanced MT interactions that position the
trivalent closer to one spindle pole (Figure 15 B-D). In addition to the single trivalent,
these oocytes also contain symmetric bivalents that align normally at the spindle midzone. The trivalent was stretched similarly to bivalents, based on distances measured
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between centromeres of homologous chromosomes, indicating that the trivalent is under
normal tension (Figure 15 E). In comparison, inter-centromere distance was reduced in
cells treated with a kinesin-5 inhibitor, which generates monopolar spindles that cannot
exert tension. Tension and position are therefore uncoupled for the trivalents, allowing
us to test effects of position while under normal tension.
To visualize kinetochore MTs in the trivalent, we used a cold-stable MT assay
(Davydenko et al., 2013), as kinetochore MTs are preferentially stabilized at 4 °C while
other MTs depolymerize. We found that kinetochores of the telocentric chromosomes,
positioned closer to the spindle poles, frequently lacked cold-stable attachments (59/104,
57%) while the homologous fusion kinetochore, positioned farther from the pole, was
rarely unattached (1/52, 2%) (Figure 15 F). We also occasionally observed normal
bivalents positioned off-center, likely due to high amplitude oscillations (Kitajima et al.,
2011). These bivalents showed similar behavior as the trivalents: kinetochores near the
spindle pole generally lacked cold-stable MT attachments (21/40, 52.5%), while the
kinetochores farther from the pole were less frequently unattached (9/40, 22.5%) (Figure
15 G). Our finding that tension can be exerted without cold-stable attachments is
consistent with previous observations. In mouse oocytes, inter-centromere distance is
maximal even before cold-stable kinetochore-MTs are established (Brunet et al., 1999;
Kitajima et al., 2011; Davydenko et al., 2013). Furthermore, increasing Aurora B activity
at mitotic kinetochores leads to loss of cold-stable attachments without loss of tension
(Liu et al., 2009). Overall, our results suggest that proximity to spindle poles destabilizes
kinetochore MTs for both trivalent and normal bivalent chromosome configurations.
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Destabilization at spindle poles depends on AURKA activity

Aurora A kinase (AURKA) belongs to the same family as AURKB, sharing 71%
sequence identity in their kinase domain, and phosphorylates many of the same substrates
(Kunitoku et al., 2003; Kollareddy et al., 2008; Fu et al., 2009; Kim et al., 2010).
AURKA localizes to spindle poles, which suggests that its activity may destabilize
kinetochore MTs near the poles. To test this model, we partially inhibited AURKA
activity with MLN8054, a small molecule inhibitor that is 150-fold more selective for
AURKA vs. AURKB and relatively ineffective towards most other kinases (Manfredi et
al., 2007). Because full inhibition of AURKA severely disrupts the spindle, we used a
concentration (5 µM) that reduces phosphorylation of T288, crucial in kinase autoactivation (Zorba et al., 2014), by ~ 40%, with a moderate effect on spindle size (Figure
20 A, B). Treatment with MLN8054 did not affect AURKB activity, as measured by
staining with a phospho-specific antibody against the C-terminal TSS motif of INCENP
(Salimian et al., 2011) (Figure 20 C, D), which is a useful marker for AURKB activity
because it is phosphorylated by AURKB as part of the mechanism of kinase activation
(Honda et al., 2003; Sessa et al., 2005; Bishop and Schumacher, 2002). We found that
kinetochore MTs were frequently stabilized near spindle poles after partial AURKA
inhibition (Figure 16 A, B).
To quantify the relationship between kinetochore-MT attachments and distance
from the spindle poles, we scored cold-stable MTs for kinetochores near the poles as well
as randomly chosen kinetochores at the metaphase plate, and measured their distance
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from the nearest pole. We fit a quadratic logistic regression model to the data (Table 1,
Figure 16 C, D). The regression curve for AURKA inhibition was significantly shifted
towards shorter distances, indicating that the probability of forming stable MT
attachments near the poles was significantly higher when AURKA was partially
inhibited. In contrast, reducing spindle size to comparable levels by partial inhibition of
kinesin-5 did not affect the relationship between attachment stability and distance from
spindle poles (Figure 20 E-G, Table 1). These results indicate that AURKA activity
destabilizes kinetochore MTs near spindle poles.
Kinetochores accumulate MAD1 as they approach spindle poles

To establish a live imaging assay for kinetochore-MT attachments, we monitored
levels of the checkpoint protein MAD1, which is recruited to kinetochores lacking stable
MTs and is removed when stable attachments form (Waters, Chen, Murray, & Salmon,
1998). We injected oocytes with cRNAs coding for MAD1-2EGFP, with 2 EGFPs at the
C-terminus, and histone H2B-mCherry to label chromosomes. For these experiments we
used Rb(6.16) x CF-1 oocytes with a single trivalent (Figure 15) and another system
(CHPO x CF-1 oocytes) with more chromosomes positioned close to spindle poles.
CHPO is a strain homozygous for seven Rb fusions (Gropp et al., 1969; Piálek et al.,
2005), so CHPO x CF-1 oocytes contain seven trivalents and six bivalents. We
previously showed that CHPO centromeres are weaker overall than CF-1 centromeres
(Chmátal et al., 2014). CHPO x CF-1 bivalents and trivalents are therefore asymmetric,
because weak (CHPO) centromeres are paired with strong (CF-1) centromeres (Figure 17
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A), and frequently positioned near spindle poles due to unbalanced MT interactions.
Within CHPO x CF-1 bivalents and trivalents, we found that kinetochores near the
spindle poles frequently have higher levels of MAD1-2EGFP than kinetochores of the
homologous chromosomes farther from the pole (Figure 17 B). Furthermore, MAD12EGFP intensity is negatively correlated with kinetochore distance from the spindle pole
(Figure 17 C). AURKA inhibition, either with MLN8054 or by over-expression of a
kinase-dead mutant (Solc et al., 2012), led to loss of MAD1-2EGFP from kinetochores
close to spindle poles (Figure 21), consistent with the increase in cold-stable MTs (Figure
16 B, D). Conversely, over-expressing wild-type AURKA led to reduced cold stable
kinetochore-MTs at all kinetochores and almost complete loss near the spindle poles
(Figure 22 C-F). Consistent with this observation, EGFP-AURKA localized not only to
spindle poles, but also weakly to kinetochores (Figure 22 A).
We observed several examples of bivalents with high amplitude oscillations that
approached the poles, both in CHPO x CF-1 oocytes and Rb(6.16) x CF-1 oocytes.
Within each bivalent, the kinetochore closer to the pole accumulated MAD1-2EGFP as it
moved towards the pole and lost MAD1-2EGFP as it moved away (Figure 17 D, E).
Overall, our analyses of MAD1-2EGFP recruitment in live cells are consistent with our
findings that kinetochore-MT stability correlates with distance from the spindle poles in
fixed oocytes (Figure 15 C-E, Figure 16 A, B).
Kinetochore poleward movement precedes MAD1 accumulation
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If kinetochore MTs are destabilized due to proximity to spindle poles, we predict
that chromosome movement would precede MAD1-2EGFP accumulation (Figure 18 Ai). Alternatively, chromosomes could move towards the poles because attachments are
destabilized on one side, in which case movement would follow MAD1-2EGFP
accumulation (Figure 18 A-ii). To distinguish between these possibilities, we analyzed
bivalents and trivalents that were moving towards the spindle pole with detectable
kinetochore MAD1-2EGFP accumulation in CHPO x CF-1 or Rb(6.16) x CF-1 oocytes.
In the majority of instances (11/13), > 50% of the total displacement towards the pole
occurred before 50% of the total change in kinetochore MAD1-2EGFP intensity (Figure
18 B-E). Otherwise, MAD1-2EGFP accumulation occurred synchronously with, but not
before, displacement towards the spindle pole. Overall, these results demonstrate that
chromosome poleward movement leads to kinetochore MT destabilization.
MAD1 accumulates on kinetochores of syntelic chromosomes as they approach the
spindle pole during error correction

During the correction of syntelic attachment errors, chromosomes move towards
the spindle pole while maintaining kinetochore-MT attachments (M. A. Lampson et al.,
2004). Our results suggest that these MTs would release as chromosome approach the
pole. To test this prediction, we identified syntelically attached bivalents and analyzed
kinetochore MAD1-2EGFP as they moved towards the spindle pole. For these
experiments we used Rb(6.16) x CF-1 oocytes, which have normal, symmetric bivalents
that ultimately align at the metaphase plate. Initially, we observed low kinetochore
MAD1-2EGFP for syntelics moving from the center of the spindle towards the pole,
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indicating that lack of tension was sufficient to trigger MT disassembly but not
detachment (Figure 19 A-C), which would drive poleward movement, consistent with
previous observations in mitotic cells (M. A. Lampson et al., 2004). Kinetochore MAD12EGFP levels increased after the syntelics were drawn towards the spindle pole (within
2-3 μm from the pole), indicating that MT attachments were released at the spindle poles
(Figure 19 D). In several cases (3/5) we observed re-orientation, as one unattached
kinetochore rotated to face the opposite pole, followed by congression to the metaphase
plate (Figure 19 A, B). These results demonstrate that kinetochore MTs detach near
spindle poles during correction of syntelic attachment errors.
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DISCUSSION

Overall, we show that kinetochore MTs are destabilized near spindle poles in
meiosis I and that stable attachments are restored by AURKA inhibition. When
kinetochores are positioned near the poles, either due to asymmetric centromere strength
or during correction of syntelic errors, we observed increased levels of MAD1-2EGFP.
Correctly attached, symmetric bivalents rarely approach close to spindle poles and are
therefore not destabilized. Our results support a three-step model for correcting syntelic
attachment errors (Figure 19 E). Initially, increased phosphorylation of AURKB
substrates at kinetochores under low tension leads to kinetochore-MT disassembly, which
pulls chromosomes towards the spindle pole (M. A. Lampson et al., 2004) (Figure 19 Ei). AURKA activity at spindle poles, or on MTs near the poles (Figure 23 A, B),
subsequently detaches the incorrect attachments (Figure 19 E-ii). Finally, chromosomes
congress to the metaphase plate through lateral interactions mediated by CENP-E and
achieve bi-orientation as they move away from the pole (Kapoor et al., 2006) (Figure 19
E-iii-iv). Our results provide a missing link in the chromosome error correction process,
showing that kinetochore MTs are released by AURKA kinase activity at spindle poles,
to allow re-orientation.
We propose that spatial regulation of kinetochore MTs by AURKA near spindle
poles is a complementary mechanism to tension-dependent regulation by AURKB at
centromeres (Godek et al., 2014). This model is consistent with several previous
observations in mitotic cells. First, cutting MTs next to one kinetochore by laser
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microsurgery leads to accumulation of MAD2 on both sister kinetochores near spindle
poles (Dick and Gerlich, 2013). Second, kinetochores positioned close to spindle poles
due to loss of the kinesin CENP-E lack attached MTs (Putkey et al., 2002). Third, there is
a high frequency of chromosome alignment and bi-orientation defects in chicken DT40
cells lacking AURKA, even in the presence of a bipolar spindle (Hégarat et al., 2011).
At anaphase onset kinetochore MTs must be stabilized to support chromosome
segregation and prevent re-activation of the spindle checkpoint (Mirchenko and
Uhlmann, 2010; Vázquez-Novelle et al., 2014). To prevent destabilization in response to
loss of tension, Aurora B redistributes from centromeres to the spindle mid-zone in
anaphase. In addition, Aurora A is degraded at anaphase onset, in both mitotic cells
(Lindon and Pines, 2004) and oocytes (Figure 23 C-E), which would prevent
destabilization as kinetochores approach spindle poles. Therefore, both mechanisms are
constrained in anaphase, when maintaining attachments takes priority over error
correction. Together these results suggest that complementary spatial and tensiondependent regulations are a conserved mechanism in meiotic and mitotic cell divisions.
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MATERIALS AND METHODS

Oocyte collection and culture

Mouse strains were purchased from the Jackson Laboratory [Rb(6.16)24Lub,
stock# 000885; ZALENDE/EiJ, stock #001392 corresponds to CHPO; SPRET/EiJ, stock
#001146] or Harlan NSA (CF-1, solicitation # DL3171940). Female mice (7-14 wk-old)
were hormonally primed with 5U of Pregnant Mare Serum Gonadotropin (PMSG,
Calbiochem, cat# 367222) 48 h prior to oocyte collection. Germinal vesicle (GV)-intact
oocytes were collected in bicarbonate-free minimal essential medium with
polyvinylpyrrolidone and Hepes (MEM-PVP) (Stein and Schindler, 2011), denuded from
cumulus cells, and cultured in Chatot-Ziomek-Bavister (CZB) (Chatot et al., 1989)
medium covered with mineral oil (Sigma, cat# M5310) in a humidified atmosphere of 5%
CO2 in air at 37°C. Meiotic resumption was inhibited by addition of 2.5 µM milrinone.
Milrinone was subsequently washed out to allow meiotic resumption 1.5 h after
collecting. Oocytes were checked for nuclear envelope breakdown (GVBD) 1.5 h after
the washout, and those that did not enter GVBD were removed from the culture. All
animal experiments were approved by the Institutional Animal Care and Use Committee
and were consistent with the National Institutes of Health guidelines.
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Oocyte microinjection and live imaging

CHPO x CF-1, Rb(6.16) x CF-1, SPRETUS x CF-1, or CF-1 oocytes at GV stage
were subjected to inter-cytoplasmic microinjection in MEM-PVP medium at room
temperature with a micromanipulator (Narishige) and a picoinjector (Medical Systems
Corp.). Each oocyte was injected with 2 pL of cRNA, then incubated for 16 - 18 hr at
37°C in a humidified atmosphere of 5% CO2 in air to allow protein expression. The
following cRNAs were used for microinjection: H2B (human histone H2B with mCherry
at the C-terminus) at final concentrations of 300 ng/µl or 170 ng/µl, MAD1-2EGFP
(mouse MAD1 with two EGFPs at the C-terminus) at 1200 ng/µl, EGFP-AURKA
(mouse Aurora A kinase with EGFP at the N-terminus) at 500 ng/µl, human AURKAKD (Michael Davidson, Addgene) at 500 ng/µl, and 2EGFP-CENP-C (mouse CENP-C
with two EGFPs at the N-terminus) at 1500 ng/µl. The cRNAs were synthesized using
the Transcript Aid T7 High Yield Transcription kit (Thermo Fisher Scientific) and
purified by phenol-chloroform extraction.
Live imaging of injected oocytes was performed after meiotic resumption induced
by milrinone washout. Oocytes were placed into 3.5 µl drops of CZB media covered with
mineral oil in a 35 mm tissue culture dish (FluoroDish FD35-100) in a heated
environmental chamber with a stage top incubator (Incubator BL and Heating Insert P;
PeCon GmBH) to maintain 5% CO2 in air and 37°C. No oil was used for single timepoint
experiments with MLN8054. Confocal images were collected with microscope
(DMI4000 B; Leica) equipped with a 63× 1.3 NA glycerol-immersion objective lens, an
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xy piezo Z stage (Applied Scientific Instrumentation), a spinning disk confocal scanner
(Yokogawa Electric Corporation), an electron multiplier charge-coupled device camera
(ImageEM C9100-13; Hamamatsu Photonics), and an LMM5 laser merge module with
488- and 593-nm diode lasers (Spectral Applied Research) controlled by MetaMorph
software (Molecular Devices).
For analysis of MAD1 at kinetochores, oocytes expressing H2B-mCherry and
MAD1-2EGFP (in some cases together with AURKA-KD) were imaged as z-stacks at
0.75 µm intervals every 4-12 min for 2-3 h, starting 4-5 hrs after GVBD for timelaplse
imaging (Figures 17-19), or as z-stacks at 0.4 µm at a single time point 7 h after GVBD
(Figure 21). For analysis of AURKA during anaphase I, CF-1 oocytes were injected with
EGFP-AURKA, or Rb(6.16) x CF-1 oocytes were injected with EGFP-AURKA, H2BmCherry, and 2EGFP-CENP-C. Oocytes were monitored during MI using DIC optics and
those close to anaphase I were selected based on chromosome alignment at the metaphase
plate and spindle position and morphology. Confocal fluorescence images were acquired
every 7 min as z-stacks in 1 µm intervals capturing the entire spindle. For EGFPAURKA overexpression experiments (Figure 22), CHPO x CF-1 GV oocytes were
injected with 2 pl of 500 ng/µl of EGFP-AURKA cRNA.
Oocyte immunocytochemistry

MI oocytes were fixed 7 - 7.5 h after GVBD, when the spindle was fully developed and
close to anaphase I. For AURKA or kinesin-5 inhibition, oocytes were treated with 5 µM
MLN8054 or 25 - 50 µM monastrol (Sigma, cat # M8515) for 1 h (no oil cover). To
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analyze cold-stable microtubules, oocytes were placed into ice cold MEM-PVP for 7 min
before fixation. Oocytes were fixed in freshly prepared 2% paraformaldehyde in PBS
with 0.1% Triton X-100, pH 7.4, for 25 min at room temperature, placed in blocking
solution (PBS containing 0.3 % BSA and 0.01% Tween-20) overnight at 4°C,
permeabilized in PBS with 0.3% BSA and 0.1% Triton X-100 for 20 min, washed in
blocking solution for 20 min, incubated 1 h with primary antibodies in blocking solution,
washed 3 times for 15 min, incubated 1 h with secondary antibodies, washed 3 times for
15 min, and mounted in Vectashield (Vector, cat# H-1400) with bisbenzimide (Hoechst
33342, Sigma-Aldrich) to visualize chromosomes. Primary antibodies were human
CREST autoimmune serum (1:100 dilution, PerkinElmer), rabbit anti-β-tubulin (9F3)
monoclonal conjugated to Alexa Fluor 488 (1:75 dilution; Cell Signaling Technology),
rabbit anti-human p-INCENP (Salimian et al., 2011) (1:200) or rabbit anti-pT288AURKA (1:500, Novus Biologicals, cat # NB100-2371). Secondary antibodies were
Alexa Fluor 594–conjugated goat anti–human or donkey anti-rabbit (1:500, Invitrogen).
Confocal images were collected as z-stacks at 0.4 µm intervals to visualize the entire
meiotic spindle, using the spinning disc confocal microscope described above.
Kinetochore attachment assay, image quantification and data analysis

Positions of trivalents and bivalents in images of fixed cells were calculated as
distance from the nearest spindle pole, determined from tubulin staining, to the closer
bivalent centromere or to both centromeres of the telocentric chromosomes in the
trivalent. Inter-kinetochore distances for trivalents, bivalents, and bivalents treated with
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100 µM monastrol for 1h were calculated between homologous centromeres of the
bivalents, or from the Rb fusion centromere to each homologous telocentric in trivalents.
Each centromere was represented by coordinates (x,y,z) of the brightest pixel from
CREST staining. Statistical significance was determined by two-tailed t-test.
Kinetochore attachment status (Figure 15 F, G) of trivalents and bivalents was
determined from cold-stable MT staining in Rb(6.16) x CF-1 oocytes close to anaphase I.
Bivalents positioned close to spindle poles and stretched (i.e., under tension) were
analyzed. The frequency of each attachment configuration is plotted. To plot kinetochore
attachment status vs. distance (Figures 16 and 22), kinetochores of bivalents and
trivalents were scored as attached or unattached and binned by distance from the nearest
spindle pole, in 1.5 µm or 4 µm intervals, for control, MLN8054 treated, AURKA-KD
injected, and monastrol treated oocytes. Logistic regression was used to model the
attachment state as a function of distance for untreated, MLN8054 treated, or monastrol
treated oocytes, and the goodness-of fit of a quadratic model was confirmed using the
Hosmer-Lemeshow test. The Wald test was used to determine if the coefficients from
MLN8054 or monastrol treated oocytes were significantly different from the control.
Statistical analysis was done using R.
For analysis of live imaging data, kinetochore MAD1-2EGFP signal was
quantified prior to image processing in regions drawn manually around individual
kinetochores in summed z-slices (Figures 17-19) or in the plane with the brightest
MAD1kinetochore signal (Figure 21), after subtracting background. For comparison
between different oocytes (Figure 18 E), the MAD1 signals were normalized to the
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average of several bright kinetochores in each oocyte. To calculate distance from the
nearest spindle pole, the positions of the poles were identified from DIC images.
Kymographs of moving chromosomes were constructed from maximum projections of
several z-slices. To enhance signal in displayed images, background subtraction (rolling
ball radius = 50 pixels) was performed for individual slices before creating z-projections.
MAD1-2EGFP signal was plotted against time and displacement from the starting
position (Figure 17 D, E).
To measure AURKA inhibition after MLN8054 treatment or after AURKA-KD
expression, AURKA-pT288 signal at spindle poles was quantified from maximal
intensity z-projection images (Figure 20), or from sum of intensity z-projection images
(Figure 21 G-H). After background subtraction, the signal was normalized by dividing by
the signal from untreated cells (Figure 20 A, B). To measure AURKB inhibition (n=20,
two independent experiments), p-INCENP signal was quantified from maximal intensity
z-projection images (Figure 20 C, D). Spindle size was calculated as distance between
spindle poles, based on tubulin staining or based on DIC images. AURKA localization
(Figure 23 A, B) was analyzed by line scan (line thickness 50 pixels) from maximum
intensity z-projection images of MI spindles. To measure AURKA signal before and after
anaphase I in live images (Figure 23 D), EGFP-AURKA was quantified from maximal
intensity z-projection images after background subtraction.
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Table 1
Quadratic logistic regression model for the relationship between kinetochore attachment
status and distance from the nearest spindle pole. Coefficients are shown for control,
MLN8054-treated and monastrol-treated models. P-values are for β0 differing from
control.
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0.10
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Figure 15
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Figure 15. Proximity to spindle poles destabilizes kinetochore MTs. (A) An Rb fusion
metacentric pairs with the two homologous telocentric chromosomes in MI to form a
trivalent. (B) The trivalent is typically positioned off-center with the two telocentrics near
the spindle pole. (C-G) Rb(6.16) x CF-1 oocytes were fixed at metaphase I and analyzed
for cold-stable MTs. The image (C) is a maximal intensity z-projection showing
centromeres (CREST), tubulin, and DNA; arrowheads indicate unattached kinetochores
of a trivalent (yellow) and a bivalent (white) positioned near the spindle poles. Scale bar,
5 μm. Distance between kinetochores and the nearest spindle pole (D) was measured for
telocentrics in trivalents (n=28) and bivalents (n=280, half the data points are displayed).
Inter-kinetochore distance (E) was measured between homologous centromeres of the
bivalents, between centromeres of telocentrics and Rb metacentrics in the trivalents, and
between homologous centromeres of bivalents in monastrol-treated cells (n=220, half the
data points are displayed). Schematics show the MT attachment configurations and
frequency for trivalents (F) and bivalents (G) positioned off-center on the spindle.
Numbers indicate chromosomes counted in each category, from multiple independent
data sets. Asterisk, p < 0.001; NS, not significant.
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Figure 16
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Figure 16. Destabilization at spindle poles depends on AURKA activity. Rb(6.16) x
CF-1 oocytes were fixed at metaphase I and analyzed for cold-stable MTs. (A, B) Images
are maximal intensity z-projections showing centromeres (CREST), tubulin, and DNA;
insets are optical sections showing individual kinetochores; asterisk indicates a
kinetochore from an unattached, off-centered bivalent. Scale bars, 5 μm. (C, D)
Kinetochores from both bivalents and trivalents were binned in 1.5 μm intervals based on
distance from the nearest spindle pole, and the fraction of attached kinetochores was
calculated in each bin. Lines show the logistic regression curves, based on parameters in
Table 1. Numbers above each bar represent total numbers of kinetochores in each bin.
Data represent controls (A, C) or oocytes treated with 5 µM of the AURKA inhibitor
MLN8054 for 1 h before fixation (B, D).
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Figure 17
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Figure 17. Kinetochores accumulate MAD1 as they approach spindle poles. (A)
Chromosome composition in CF-1 and CHPO and in CHPO x CF-1 MI oocytes. (B-E)
CHPO x CF-1 (B-D) or Rb(6.16) x CF-1 (E) oocytes expressing MAD1-2EGFP and
histone H2B-mCherry were imaged live. An optical section (B) shows chromosomes near
spindle poles (arrowheads and insets 1-3) and at the metaphase plate (4). Kinetochore
MAD1-2EGFP intensity is plotted vs. distance from the nearest spindle pole (C); colors
indicate kinetochores (n > 15) from 5 different oocytes; R2, cumulative correlation
coefficient for all oocytes for a linear regression model; p < 0.0001. MAD1-2EGFP
intensity was tracked on kinetochores of oscillating bivalents. Images are optical sections;
arrowheads indicate kinetochores tracked in the kymographs; dashed ovals indicate
spindle outlines. Graphs show MAD1-2EGFP intensity and displacement towards the
pole over time course. Scale bars, 5 μm; A.U., arbitrary units.
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Figure 18
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Figure 18. Kinetochore poleward movement precedes MAD1 accumulation. (A)
Schematics showing two models: chromosome poleward movement precedes (i) or
follows (ii) MAD1-2EGFP accumulation, and how they can be distinguished graphically.
(B-E) CHPO x CF-1 or Rb(6.16) x CF-1 oocytes expressing MAD1-2EGFP and histone
H2B-mCherry were imaged live. Images (B-D) are optical sections; arrowheads indicate
kinetochores tracked in the kymographs; dashed ovals indicate spindle outlines. MAD12EGFP intensity is plotted vs. displacement towards the pole (E) for 13 individual
kinetochores. Data points are sequential time points, with the last time point indicated by
the arrowhead. Individual traces are horizontally offset by an arbitrary distance for visual
clarity. Scale bars, 5μm; A.U., arbitrary units.
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Figure 19
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Figure 19. MAD1 accumulates on kinetochores of syntelic chromosomes as they
approach the spindle pole during error correction. (A-C) Oocytes expressing MAD12EGFP and histone H2B-mCherry were imaged live during correction of syntelic
attachment errors. Images (A) are optical sections from a time-lapse; timestamp h:min;
arrowheads indicate the bivalent tracked in the kymograph (B). Yellow arrow indicates
re-orientation of the kinetochores to face opposite poles. MAD1-2EGFP intensity was
summed over both kinetochores in the syntelic and plotted vs. displacement towards the
pole (C) for individual bivalents, from Rb(6.16) x CF-1 (n = 4) or SPRET x BL6 (n = 2)
oocytes. For clarity, only poleward movements are plotted. Data points are sequential
time points, with the last time point indicated by the arrowhead. Individual traces are
horizontally offset by an arbitrary distance for visual clarity. Scale bars, 2.5 μm; A.U.,
arbitrary units. (D) Model for correction of syntelic attachment errors: (i) low tension
leads to kinetochore MT disassembly and poleward movement; (ii) MTs detach from
kinetochores near the spindle poles due to AURKA activity; (iii-iv) chromosomes reorient by congressing towards the metaphase plate and capturing MTs from the opposite
spindle pole.
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Figure 20
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Figure 20. Effects of AURKA and kinesin-5 inhibition. (A, B) CF-1 oocytes were
treated with the indicated concentrations of the AURKA inhibitor, MLN8054, then fixed
and stained for pT288-AURKA, tubulin, and DNA. pT288-AURKA intensity was
quantified at spindle poles (B, n = 10 oocytes for each MLN8054 concentration). (C, D)
Rb(6.16) x CF-1 oocytes were treated with 5 μM MLN8054 or 50 μM of the AURKB
inhibitor, ZM447439, for 1 hour, then fixed and stained for phospho-INCENP and DNA.
Phospho-INCENP is not affected by MLN8054 treatment, whereas it disappears in cells
treated with ZM447439, indicating that AURKB is not inhibited by MLN8054. (E)
Spindle length was measured for control, 5 μM MLN8054, and monastrol treated
oocytes. (F, G) CF-1 oocytes were treated with a low concentration of monastrol to
partially inhibit kinesin-5 to slightly collapse the spindle, then fixed and stained for
centromeres (CREST), tubulin, and DNA. Images (A, C, F) are maximal intensity zprojections; insets (F) are optical sections showing kinetochores near the spindle pole (1)
or at the metaphase plate (2). Kinetochore attachment was quantified and fit to a logistic
regression curve (G) as in Fig. 2. Curves for MLN8054 and untreated oocytes are
reproduced from Fig. 2 for comparison. Error bars, sem; asterisks, p < 0.05; scale bars, 10
μm; A.U., arbitrary units.
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Figure 21
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Figure 21. Effects of AURKA inhibition on kinetochore MAD1 recruitment. (A, B)
CHPO x CF-1 oocytes expressing MAD1-2EGFP and H2B-mCherry (n= 24) were
treated with 5 μM MLN8054 for 1h and imaged live in MI. (C, D) CHPO x CF-1 oocytes
expressing MAD1-2EGFP, H2B-mCherry, and dominant negative version of AURKA
with kinase dead mutations (AURKA-KD) (n= 38) were imaged live in MI. Images (A,
C) are maximal intensity z-projections; insets are optical sections showing MAD1 signal
on kinetochores close to spindle poles. For quantitation (B, D), kinetochores were binned
in 4 μm intervals based on distance from the nearest spindle pole, and average MAD1
kinetochore signal was calculated in each bin. Numbers above each bar represent total
kinetochores in each bin from two independent experiments. (E, F) CHPO x CF-1
oocytes expressing AURKA-KD (n= 9) were fixed and stained for pT288-AURKA.
Images (E) are sum of intensity z-projections. Quantitation of pT288-AURKA (F) shows
reduced AURKA activity in cells expressing AURKA-KD. Numbers above each bar
represent oocytes in each group. Error bars, sem; asterisks, p < 0.05; scale bars, 10 μm;
A.U., arbitrary units.
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Figure 22
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Figure 22. Effect of AURKA overexpression on kinetochore-microtubule
attachments. CHPO x CF-1 oocytes expressing EGFP-AURKA were fixed and stained
either for DNA (A) or for centromeres (CREST) and tubulin (B-F). Image (A) is a
maximal intensity z-projection; insets are optical sections showing chromosomes with
EGFP-AURKA localized to kinetochores. Spindle size is increased in oocytes expressing
EGFP-AURKA compared to control oocytes (B), in contrast to the reduced spindle size
observed after AURKA inhibition. The fraction of attached kinetochores was calculated
for all kinetochores (C), or for a subset of kinetochores close to spindle poles (F), marked
with red rectangles in (D, E). Kinetochores from control oocytes (D, n= 31) and EGFPAURKA injected oocytes (E, n= 47) were binned in 1.5 μm intervals based on distance
from the nearest spindle pole, and the fraction of attached kinetochores was calculated in
each bin. Numbers above each bar represent total kinetochores in each group (C-F) or
numbers of oocytes (B). Error bars, stdev; asterisks, p < 0.05; scale bar, 10 μm.
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Figure 23

Figure 23. AURKA localization in MI oocytes and degradation at anaphase I onset.
(A, B) CF-1 oocytes were fixed and stained for AURKA and PERICENTRIN (A) or
injected with cRNA encoding EGFP-AURKA and imaged live in MI (B). Insets from
representative images show AURKA localization along spindle MTs near the poles; line
scans show signal intensities along the dashed lines. Images are maximal intensity zprojections covering all of the cell volume. Arrowheads indicate AURKA at the spindle
poles; scale bars, 10 μm. Yellow asterisk indicates polar body extrusion during anaphase
I; asterisk, p < 0.001; A.U., arbitrary units; error bars, sem.
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Figure 24
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Figure 24. AURKA localization in MI oocytes and degradation at anaphase I onset.
(A) CF-1 oocytes expressing EGFP-AURKA (n=30) were imaged live before (< 30 min)
and after (< 20 min) anaphase I, and (B) AURKA signal at spindle poles was quantified.
(C) Rb(6.16) x CF-1oocytes expressing EGFP-AURKA, histone H2B-mCherry, and
2EGFP-CENP-C, were imaged live during anaphase I. Images are maximal intensity zprojections covering part (C) or all (A) of the cell volume. Arrowheads indicate AURKA
at the spindle poles; scale bars, 10 μm. Yellow asterisk indicates polar body extrusion
during anaphase I; asterisk, p < 0.001; A.U., arbitrary units; error bars, sem; GVBD,
germinal vesicle (oocyte nucleus) break down.
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CHAPTER 4

Asymmetric meiosis I spindle drives biased chromosome segregation in
female meiosis
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SUMMARY AND INTRODUCTION

Meiotic drive, preferential transmission of selfish DNA elements into the surviving
gamete, exploits the asymmetric architecture of meiotic division. Although asymmetry in
the meiosis I (MI) spindle is predicted to be necessary for meiotic drive in mammals,
whether there is such asymmetry, how does it form, and how it affects the preferential
chromosome transmission, remain unknown. Using mouse oocytes in MI, we show that
spindles are asymmetric in microtubule stability, suggesting that a cortical signal might
induce such asymmetry. Microtubules (MTs) close to the cortex are more stable than
MTs farther from the cortex. To test the importance of spindle cortical positioning for
meiotic drive, we use mouse oocytes with a single Robertsonian (Rb) fusion chromosome
that preferentially segregates to the polar body during MI (Chmátal et al., 2014). In
unperturbed conditions, oocytes surrounded by cumulus cells maintain cortically
positioned MI spindles that correlates with the asymmetry in MTs, so that trivalents
preferentially orient and segregate. Manipulating the MI spindle position by removing
cumulus cells from oocytes (denuding) prior to meiotic resumption, leads to centered
symmetric spindles, random Rb fusion orientation and segregation. Our data suggest a
model in which Rb fusion more likely attaches to more stable cortical MTs of MI spindle,
resulting in biased orientation and preferential segregation to the polar body.
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RESULTS

Meiotic I spindle is asymmetric in microtubule stability that correlates with the proximity
to the cortex

A theoretical model of meiotic drive during MI relies on three components: i)
asymmetric cell division, ii) functional heterozygosity of a driving locus, and iii)
asymmetric MI spindle (Pardo-Manuel de Villena and Sapienza, 2001a). Whereas
asymmetric meiotic spindles were described in various species of plants and animals
(Twell, 2011; Jones, 1991; Cortes et al., 2015), such asymmetry has not been reported in
mammalian systems that exhibit meiotic drive (Pardo-Manuel de Villena and Sapienza,
2001; de Villena and Sapienza, 2001; Cattanach, 1962; Kaufman, 1972; LeMaire-Adkins
and Hunt, 2000). It was thus not clear whether such asymmetry exists in mammals and if
it does, how it contributes to meiotic drive. Studying meiotic spindles in mouse oocytes
represents a system in which we can study the eventual mechanisms underlying the
spindle asymmetry to better understand the meiotic drive mechanism.
Spindles can exhibit different types of asymmetries (differences in spindle poleassociated or MT-associated proteins, differences in MT length and dynamics) that can
be tested by different assays. Since biased chromosome segregation depends on
interaction between centromeres and spindle MTs, we focus on kinetochore MTs that
bind to centromeres region of chromosomes. To visualize these MTs, we performed cold
stable assay by exposing oocytes from a standard laboratory strain (CF-1) to an ice cold
media (Figure 25 A). Under such conditions only stable MTs are preserved whereas the
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others depolymerize (Rieder, 1981). Analyzing tubulin signal in cold treated and fixed
MI oocytes, we observed that MTs closer to the cortex are more stable (stronger tubulin
signal) than MTs farther from the cortex (weaker tubulin signal). In contrast, oocytes that
have centered spindles do not exhibit any asymmetry in MTs (Figure 25 A). To exclude
the possibility that this result is a staining artifact, we treated the oocytes with taxol, a
MT stabilizing drug. We observe that taxol treatment abolishes MT asymmetry,
demonstrating that the asymmetry is caused by differences in MT dynamics (Figure 25 A,
B). We calculated the asymmetry for each spindle (Figure 25 C) and plotted it against the
distance from the cortex. The results imply that spindles closer to the cortex exhibit
stronger asymmetry in MTs than spindles farther from the cortex (Figure 25 D),
consistent with our interpretation that such asymmetry is driven by proximity to the
cortex.
Two parts of the meiotic drive model: i) formation of the asymmetric MI spindle,
and ii) orientation of the asymmetric spindle towards the cortex, can be explained, if such
asymmetry is induced by the cortex. Under that model, Rb fusion attaches to the more
stable MTs from the spindle side that is closer to the cortex and becomes polar body. To
test how the cortex affects spindle asymmetry, we manipulate spindle position by treating
the oocytes with latrunculin, an actin depolymerizing drug. Since actin cytoskeleton
drives spindle cortical positioning in unperturbed conditions (Schuh and Ellenberg,
2008), we predict that such treatment will generate mostly oocytes with centered
spindles. Consistent with our prediction, we observe that spindles in latrunculin treated
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oocytes are farther from the cortex and are mostly symmetrical (Figure 25 D). Our results
are consistent with the model that MI spindle asymmetry depends on cortical proximity.
Cortical MI spindle positioning is maintained in oocytes with cumulus cells (COCs)

Understanding the importance of cortical spindle positioning relies on a system in
which we can both experimentally perturb such spindle positioning, and test how that
affects meiotic drive. It was previously shown that oocyte with cumulus cells (COCs)
maintain the nucleus and MI spindle cortically localized through the entire MI.
Removing the cumulus cells from COCs (denuding) leads to centered positioning of
nuclei and MI spindles (Barrett and Albertini, 2010). Consistent with these previous
findings, we observe that nuclei are cortically positioned in COCs, but they are centered
in denuded oocytes (Figure 26 A). To assess spindle position, we measure the distance of
nuclei or MI spindles from the cortex in oocytes fixed at various times in MI in vivo and
in vitro with or without cumulus cells (denuded oocytes). Consistent with the results from
nuclei positioning, MI spindles are positioned closer to the cortex in in vivo and in vitro
matured COCs during MI. However, such spindle distance from the cortex is larger in
denuded oocytes during the time when chromosomes congress to metaphase plate and
form stable MT attachments, 4-6 h after nuclear envelope breakdown (Davydenko et al.,
2013; Kitajima et al., 2011) (Figure 26 B, C). During that time, spindles are positioned
close to the cortex and exhibit asymmetry in MTs that is likely to bias the orientation of
the trivalent resulting in preferential segregation in MI. Overall, either keeping or
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removing the cumulus cells from COCs provides us with an experimental system to
manipulate the MI spindle position.
Spindle cortical positioning drives preferential trivalent orientation and Rb fusion
segregation

Preferential Rb fusion segregation is a result of biased trivalent orientation on an
asymmetric MI spindle. Since such asymmetry correlates with the spindle proximity to
the cortex, we manipulate the spindle position to test if it affects the trivalent orientation.
To test the importance of spindle positioning in meiotic drive, we use mouse oocytes with
a single Robertsonian (Rb) fusion chromosome that preferentially segregates to the polar
body (Chmátal et al., 2014). The Rb chromosome pairs with two unfused homologous
telocentric chromosomes to form a trivalent. There are two outcomes of balanced
trivalent segregation in MI (Figure 27 A). Either the Rb fusion segregates to the polar
body while two homologous telocentrics stay in the egg (i), or the Rb fusion stays in the
egg and the two telocentrics are lost in the polar body (ii). We measure Rb fusion
segregation (Chapter 2 – Figure 6) under the conditions where we can manipulate spindle
asymmetry (COCs and denuded oocytes). We detect drive of Rb fusion in in vivo and in
vitro matured COCs, when MI spindles maintain the cortical position, but no drive is
detected in denuded oocytes with more centered spindles (Figure 27 B).
We observe preferential trivalent orientation in COCs, with Rb fusion centromere facing
the cortical pole and two centromeres of telocentrics facing the egg pole (Figure 27 C,
D). In contrast, we observe a random orientation of the trivalent in denuded oocytes
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(Figure 27 D), consistent with the measurement of Rb fusion segregation (Figure 27 B).
Overall our data show that trivalent orientation on the MI spindle and segregation during
anaphase I depends on cortically positioned MI spindles.
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DISCUSSION

Our data provide experimental evidence for a model in which preferential Rb
fusion segregation is driven by MI spindle asymmetry (Figure 27 E). Under that model,
spindles maintain their cortical position in oocytes with COCs so that MTs closer to the
cortex are more stable and MTs that are farther from cortex are less stable. Such
preferential trivalent orientation likely happens before 6 h after nuclear envelope
breakdown, before stable kinetochore-MT (kMT) attachments are formed (Davydenko et
al., 2013, Kitajima et al., 2011). Consistently, a random trivalent orientation is achieved
on symmetrical spindles. In summary, preferential segregation of Rb fusion is achieved
when kMT-attachments form in an asymmetric MI spindle.
Nevertheless two intriguing questions still remain: i) how do cumulus cells regulate the
cortically positioned spindles?, ii) how does the cortex induce the spindle asymmetry? It
is possible that cumulus cells maintain spindle cortical position by controlling translation
of specific maternal mRNA in oocytes (Chen et al., 2013), or alternatively by direct
signaling through oocyte-cumulus cell junctions. Although it is unknown what regulates
the MT asymmetry, it is likely independent of cumulus cells, because denuded oocytes
have asymmetrical spindles after they migrate towards the cortex. MT asymmetry could
be regulated by several complementary mechanisms: 1) the actin cap, a structure
mediating the contact between spindle and oocyte cortex, potentially binding modifiers of
MT dynamics (tubulin tyrosinases and de-tyrosinases) (Barisic et al., 2015); 2)
asymmetric gradient of diffusible signal of chromatin bound Ran-GTP or Aurora B
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kinase that might freely diffuse in oocyte center, but could be limited in proximity to the
cortex (Gruss and Vernos, 2004; Lampson and Cheeseman, 2011). Although the role of
these mechanisms in inducing spindle asymmetry is unknown, trivalent preferential
orientation within such asymmetric spindle can be achieved by two mechanisms that are
not mutually exclusive; 1) either capturing the stronger centromeres by less stable MTs
(egg pole), or 2) by favoring the more stable trivalent orientation (Figure 28 C). Testing
between these models will be a focus for future study.
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EXPERIMENTAL PROCEDURE

Oocyte collection and culture

Mouse strains were purchased from the Jackson Laboratory [Rb(6.16)24Lub,
stock# 000885] or Harlan NSA (CF-1, solicitation # DL3171940). For collecting the
oocytes in meiosis I (MI), female mice (7-14 wk-old) were hormonally primed with 5U
of Pregnant Mare Serum Gonadotropin (PMSG, Calbiochem, cat# 367222) 48 h prior to
oocyte collection. To measure meiotic drive, MII eggs were collected 12 – 12.5 h after
5U of hCG (human chorionic gonadotropin, Sigma, cat# C1063-1VL) injection, 48 h
after PMSG injection, and treated with 100 μM monastrol for 2 h (no oil cover) (Chmátal
et al., 2014). Germinal vesicle (GV)-intact oocytes were collected in bicarbonate-free
minimal essential medium with polyvinylpyrrolidone and Hepes (MEM-PVP)(Stein and
Schindler, 2011), denuded from cumulus cells, and cultured in Chatot-Ziomek-Bavister
(CZB) (Chatot et al., 1989) medium covered with mineral oil (Sigma, cat# M5310) in a
humidified atmosphere of 5% CO2 in air at 37°C. To collect and culture oocytes with
COCs, IVM medium was used (10mL: 1mL 10% FBS; 0.005 g D-glucosamine, 12 μL
0.5M L-cystein, 20 μL 10μM ascorbatem 100 μL 2mM glutamine, 380 μL 5.25U/mL
horse FSH, 100 μL 1% insulin-transferrin-selenium, 8.388 mL CZB medium). Meiotic
resumption was inhibited by addition of 2.5 µM milrinone. Milrinone was subsequently
washed out to allow meiotic resumption 1.5 h after collecting. Oocytes were checked for
nuclear envelope breakdown (GVBD) 1.5 h after the washout, and those that did not enter
GVBD were removed from the culture. Oocyte were treated with taxol (10 μM, 10 min)
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or latrunculin (5 μM , 30 min) before the anaphase I, 7-7.5h after meiotic resumption (no
oil cover). All animal experiments were approved by the Institutional Animal Care and
Use Committee and were consistent with the National Institutes of Health guidelines.
Oocyte microscopy and live imaging

CF-1 oocytes at GV stage were denuded and imaged live every 10 min for 4 h
using DIC optics. Oocytes were placed into 3.5 µl drops of CZB media with milrinon
covered with mineral oil in a 35 mm tissue culture dish (FluoroDish FD35-100) in a
heated environmental chamber with a stage top incubator (Incubator BL and Heating
Insert P; PeCon GmBH) to maintain 5% CO2 in air and 37°C. Confocal images were
collected with microscope (DMI4000 B; Leica) equipped with a 63× 1.3 NA glycerolimmersion objective lens, an xy piezo Z stage (Applied Scientific Instrumentation), a
spinning disk confocal scanner (Yokogawa Corporation of America), an electron
multiplier charge-coupled device camera (ImageEM C9100-13; Hamamatsu Photonics),
and an LMM5 laser merge module with 488- and 593-nm diode lasers (Spectral Applied
Research) controlled by MetaMorph software (Molecular Devices).
Oocyte immunocytochemistry

Oocyte with intact nuclei or MI oocytes (+/- COCs) in different stages during
meiosis I were cultured for a given time (prior to nuclear envelope breakdown, 2, 4, 6 h
after NEBD) and denuded from COCs prior to the fixation. Oocytes were fixed in freshly
prepared 2% paraformaldehyde in PBS with 0.1% Triton X-100, pH 7.4, for 25 min at
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room temperature, placed in blocking solution (PBS containing 0.3 % BSA and 0.01%
Tween-20) overnight at 4°C, permeabilized in PBS with 0.3% BSA and 0.1% Triton X100 for 20 min, washed in blocking solution for 20 min, incubated 1 h with primary
antibodies in blocking solution, washed 3 times for 15 min, incubated 1 h with secondary
antibodies, washed 3 times for 15 min, and mounted in Vectashield (Vector, cat# H1400) with bisbenzimide (Hoechst 33342, Sigma-Aldrich) to visualize chromosomes.
Primary antibodies were human CREST autoimmune serum (1:100 dilution,
PerkinElmer), rabbit anti-β-tubulin (9F3) monoclonal conjugated to Alexa Fluor 488
(1:75 dilution; Cell Signaling Technology), or rabbit anti-mouse AURKA (1:500, Bethyl,
cat # A300-072A). To visualize actin a phalloidin-A633 (1:500) was used (Life
technologies, cat#: A12381). Secondary antibodies were Alexa Fluor 594–conjugated
goat anti–human or donkey anti-rabbit (1:500, Invitrogen). Confocal images were
collected as z-stacks at 0.4 µm intervals to visualize the entire meiotic spindle, using the
spinning disc confocal microscope described above.
Tubulin signal in MI spindles was quantified from maximal intensity z-projection images
by drawing a line-scan (thickness = 50) from the cortical to the egg pole. A minimum
corresponding to the DNA at metaphase plate was calculated and integrated tubulin
signal for each part of the spindle was calculated. An asymmetrical index for each spindle
was calculated as a fraction between the integrated signals from cortical vs. the egg
spindle part. GV or MI spindle distance from the cortex was measured as the shortest
distance of the nucleus (DNA signal) or spindle (tubulin signal) from the cortex
(phalloidin signal) at the individual z-stack when such distance was shortest.
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Trivalent orientation was scored in MI oocytes with COCs (mature in vivo, n = 25) and in
denuded oocytes (matured in vitro, n = 23). There were two possible orientation of
trivalent in balanced conformation: i) fusion centromere closer to the cortex, ii)
telocentric centromeres close to the cortex. Only oocytes with detectable trivalent in MI
spindles close to the cortex were selected for the analysis.
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Figure 25
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Figure 25. Meiosis I spindle is asymmetric in microtubule stability that correlates
with the proximity to the cortex. (A) CF-1 oocytes with MI spindles cortically
localized, centered, and treated with taxol (10 μM, 10 min), were subjected to cold stable
assay, fixed and stained for tubulin, actin (phalloidin) and DNA. (B) Tubulin signal
represented by a line scan profile for control or taxol treated MI spindles. (C-D) Spindle
asymmetry was calculated for control or latrunculin treated oocytes (5 μM, 30 min) and
plotted against the distance from the cortex. Asterisk shows the cortical spindle pole;
A.U., arbitrary units; R2, correlation coefficient; d, distance from the cortex; scale bar, 5
μm.
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Figure 26
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Figure 26. Cortical MI spindle positioning is maintained in oocytes with cumulus
cells (COCs). CF-1 oocytes with or without cumulus cells were (A) imaged live in 10
min intervals and nucleus position was calculated at each 1 h time point, or (B) were
fixed and stained for tubulin, actin, and DNA in 2 h time intervals after nuclear envelope
breakdown, and (C) spindle or nucleus distance from the cortex was calculated. Dashed
circles show the nucleus position; COCs, oocyte with cumulus cells, scale bar, 10 μm.
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Figure 27
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Figure 27. Spindle cortical positioning drives preferential trivalent orientation and
Rb fusion segregation. (A) Two possible outcomes of balanced trivalent segregation in
MI (i, ii), schematics of trivalent, telocentrics and Rb fusion. (B) Rb(6.16) x CF-1 eggs
were collected in vivo or oocytes with intact nuclei were collected and matured in vitro
with or without cumulus cells, fixed and stained for kinetochores (CERST) and DNA,
and segregation of Rb fusion was calculated (in vivo COCs, n = 168, segregation ration
60:40, X2 = 6.48, p = 0.0087; in vitro COCs, n = 141, segregation ration 60:40, X2 =
5.64, p = 0.017; in vitro denuded, n = 120, segregation ration 50:50, X2 = 0.033, p =
0.855). (C-D) Trivalent orientation (inset) was assessed before anaphase in (C) in vivo
matured COCs (X2 = 8.52, p = 0.0017), or in denuded oocytes (X2 = 0.64, p = 0.32),
fixed and stained for spindle poles (AURKA), kinetochores (CREST), and DNA. (E)
Model of preferential trivalent orientation and Rb fusion segregation in COCs and
denuded oocytes. Numbers in each bar represent numbers of oocytes in each group,
arrows show the Rb fusion centromere; white asterisk, p < 0.05; scale bar, 5 μm; NS, not
significant; N, oocyte nucleus; COCs, oocytes with cumulus cells; 60:40 and 50:50
represent Rb fusion segregation to polar body vs. to the egg.
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CHAPTER 5

Conclusions and Discussion
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Unifying model of meiotic drive of Rb fusions

De Villena et al. proposed a theoretical unifying model of meiotic drive,
consisting from three major parts: i) functional heterozygosity of the drive locus,
mediating or influencing the attachment of the chromosome to meiotic spindle, ii)
functional asymmetry in meiotic spindle observed in numerous systems (Twell, 2011;
Jones, 1991; Hewitt, 1976; Cortes et al., 2015), and iii) asymmetry in meiosis in respect
to the cell fate (Pardo-Manuel de Villena and Sapienza, 2001a). In this model the driving
locus interacts differently with MTs from the opposite spindle poles resulting in
preferential orientation or favorable position within the meiotic spindle that segregates
such locus into the functional gamete. Consistent with such model, we observed
asymmetry of the MI spindle in mouse oocytes and found that MTs closer to the cortex
are more stable (less dynamic) than MTs far from the cortex (less stable, more dynamic)
(unpublished results) (Figure 28 A).
Mechanisms that could explain the spindle asymmetry include: 1) spindle MTs
are stabilized by unknown cortical signal, or 2) differences in MT stability are due to
differences in spindle pole associated proteins detected in previous studies (Carabatsos et
al., 2000; Vinot et al., 2004). Whereas the second model relies on additional mechanism
of preferential spindle orientation towards the cortex before anaphase I, the first model
(1) is simpler and does not need to invoke any additional step. Thus we favor the first
model, suggesting that the spindle asymmetry is established while the spindle is getting
assembled in proximity of the cortex in MI.
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How do bivalents orient in such asymmetrical spindle? In our previous study, we
show that crossing a strong centromere species (CF-1) with a weak centromere species
(CHPO) produces an offspring with bivalents having one strong and one weak
centromere (Chmátal et al., 2014). There are two possible orientations of such
asymmetrical bivalent within the asymmetrical MI spindle: (1) the weaker centromere
towards the more stable MTs at the cortical pole and the stronger centromere towards the
more dynamic MTs at the egg pole, or (2) the weaker centromere towards more dynamic
MTs and the stronger centromere towards the more stable MTs (Figure 28 B). The first
orientation should be preferred if stronger centromeres preferentially remain in the egg,
consistent with the centromere drive hypothesis (Malik, 2009) and with our observations
(Chmátal et al., 2014). Two mechanisms, which are not mutually exclusive, could explain
this preference. More dynamic MTs from the egg pole may initially bind the stronger
centromeres, which have larger kinetochores with more MT-binding proteins, with the
weaker centromeres subsequently binding MTs from the cortical pole to establish tension
across the bivalent. Alternatively, the bivalent may sample both orientations, and one is
preferred because it is relatively more stable than the other. In this model, the interaction
of the weak centromere with the more dynamic MTs may be unstable and will tend to reorient, so that the interaction of the weak centromere with the more stable MTs is
preferred. Further observations from live imaging during MI may discriminate between
these models.
The same models can explain the preferential orientation and segregation of a
trivalent. Either the stronger centromeres attach first to the more dynamic egg pole
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(Figure 28 C-1), or the interaction of weak centromeres with more dynamic MTs is
unstable. In either case, the Rb fusion centromere orients preferentially to the egg pole if
it is stronger relative to the homologous telocentrics, or preferentially to the cortical pole
if it is relatively weaker (Figure 28 C).
Based on various meiotic drive systems we propose a single unifying model for
drive in MI and MII (Figure 28 D). MII drive, represented by Ab10 system, consists from
two major parts: i) functional heterozygosity of the drive locus that influences attachment
of the chromosome to meiotic spindle, and ii) asymmetry in meiosis in respect to the cell
fate. Under that model, the locus exhibiting nonrandom segregation interacts with MTs
from opposite spindle poles, resulting in a favorable position within the cell that becomes
a functional gamete. This model does not require spindle asymmetry, because the
preferential position of the driving locus is achieved by the unique architecture of plant
female meiosis. Nevertheless meiotic spindle asymmetry is an important aspect of drive
in MI because preferential segregation of a driving locus is achieved by favored MTattachment to a given spindle pole.
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DISCUSSION

Chromosomal rearrangements are frequent events involving partial or whole
chromosomal fusion, fission (chromosomal splitting) or translocations. Their role in
speciation was proposed more than 40 years ago: “It may be that the very few
chromosomal rearrangements which play a critical role in speciation through the ability
to generate powerful isolating mechanisms are precisely those which happen to possess a
segregational advantage in the female meiosis” (White, 1968). Under that model
karyotype of a given species is not completely fixed but can change over time. If
karyotype changes between populations by preferential transmission of a chromosomal
rearrangement through female meiosis, meiotic abnormalities in the hybrids would
generate a reproduction barrier, which would promote speciation (Shurtliff, 2013; Hauffe
et al., 2012). Chromosomal reorganizations are also a major mechanism of reproductive
isolation in S. cerevisiae (Hou et al., 2014) and contribute to karyotype evolution in
higher plants (Lycoris, cycad genus Zamia, slipper orchids Cypripedioideae) (Jones,
1998). Meiotic drive of Rb fusions can also explain the distribution of mammalian
karyotypes. Whereas species with an equal combination of telocentric and metacentric
chromosomes are rare, majority of species have either predominantly all-telocentric or
predominantly all-metacentric karyotype (Pardo-Manuel de Villena and Sapienza,
2001b). Consistently, similar bimodal distribution of karyotypes are found in fish,
suggesting a conserved role of meiotic drive beyond of mammals (Molina et al., 2014).
Transmission advantage of either chromosomal fusions (metacentrics) or fissions
(telocentrics) through female meiosis predicts the biased accumulation of a give
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chromosomal rearrangement, shaping the karyotype of many species towards the
observed bimodal distribution. Why some species more likely alter their karyotype by
preferential accumulation of chromosomal fusions rather than chromosomal fission
remains unclear. It is also unknown why there is a mild deleterious effect on male carries
in various meiotic drive systems (monkey flower, rye pollen microsporogenesis, Rb
mice). Such deleterious effects may be frequently linked to drive in systems that have
been studied because these deleterious effects prevent complete fixation of a selfish
element; otherwise, there would be no meiotic drive to measure.
Although various different systems exhibit meiotic drive, they share one common
aspect, an asymmetric meiotic division. Distinct gamete architecture is one of the
strongest difference between sexes that suits their distinct roles during and after
fertilization. Male gametes are frequently small, abundant and autonomously moving
elements, whereas female gametes are likely large, stockpiled, stationary cells limited in
number. An elegant way to achieve such desired egg morphology is combining the
nutrients from several cells while expelling the redundant DNA - to divide
asymmetrically. If female meiosis exhibits such strong asymmetry in cell fate, it seems
inevitable that selfish elements will uniformly exploit that opportunity.
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Figure 28
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Figure 28. Meiotic drive model of Rb fusion chromosomes. (A) Asymmetrical MI
spindle induced by oocyte cortex. (B) Preferential orientation of bivalents with one strong
and one weak centromere within asymmetrical MI spindle. (C) Model of biased Rb
fusion segregation in strong and weak centromere populations is determined by
preferential trivalent orientation within an asymmetrical MI spindle. (D) Unifying model
of meiotic drive in MI (i, ii, iii) and MII (i, ii).
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